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‘ NOAA 4 satellite to simulate upward radiances in cirrus cloud conditions. Single-
scattering properties for ice crystals are calculated assuming ice cylinders 200
and 60’ilm)in length and width , respectively, randomly oriented in a horizontal
plane. Comparisons between cat~l1lt ? ob~ervec$ iri theoreticilly sin,~latc’~ ~:wardradiances are carried out for selected cirrus cloud cases . Incorporating
atmospheric profiles obtained from radiosonde and the observed cloud information
into the spectral transfer program , we show a systematic agreement between ob-
served and computed upward radiances. Systematic reduction patterns of the up-
ward radiance caused by the increase of the cloud ice content are demonstrated for
VTPR channels employing tropical and midlatitude atmospheric profiles . Having
the quantitative relationships between upward radiance and ice contents , proce-
dures are described for the inference of the cloud ice content and cloud amount.
The proposed method has been successfully applied to the three cirrus cloud cases.

~öreo~er-~-cadia4i-ve transfer model of spectra l infrared~~ädiä1Tón1~~~Th?i~1~tatmospheres is applied to the most complete set of radiance observations cur-
rently available frçm the Nimbus VI fURS instrument~. We show that the effect of
the atmospheric temperature profile is minimi zed by dividing the clear cc.~l umnradiance to the cloudy radiance . A method for the estimate of cloud compositions
from multispectral HIRS radiances , including both ~hort-wave and 1ong -w~ve CO2channels , Th developed . Theoretical calculations bf the upwelling radiance
at satellite altitu de for a number øf thicknesses involving mi ddle lev~l and cir-

4 rus clouds are carried out. The re~ulting theore ical radiances are then
parameterized and ar~ empirical method to determi n cloud type and ice and water
conten t of the cloud~ is described. Satellite pa ses from five days over ths.~western United State~ are employed to test the em irical parameteriZations clf the
theoretical results. Comparisons of the cloud ty e determinations with IIOAA 4
Mosaic are shown to agree reasonably well. Clouq ice and water content derived
from the parameterizat ions of the fURS dat.a is c~mpared with that obtained ifrom
the Air Force Three Dimensional Nephanalysis (3DNEPH) program. Examples of the
applicati on of this technique to global mapping of ice and water content are
displayed.

In the appendix , a retrieval technique is ç~resented for the determination ofthe surface temperatu~e, the thic~iiess and tranSmiss ivity of cirrus clouds , and
the fraction of the c~rrus cloudiness by means of four observed upwe lling ra-
diances in the 10 ~im window region . On the basis of radi~tive transfer calcula-
tions for mean wavenumbers of 9OO,~ 950, 1100 and 1150 cm~ , assumptions ~re madein the theoretical retrieval analyses that water vapor eff.~cts above cirrusclouds are negligible and that ratios of the transmissivit les are linear function
of the cloud thickness Error analyses employing cliniatologica l data reveal tha t
indepe~dent random errors in temperature and humidity profiles introduce insigni-
ficant errors in the four resulting parameters. The resulting errors caused by
random errors in the expected upwel ling rediances , however , depend upon their
standard deviations . Onc~ the thickness and the transmissivity at a given wave-
nuHber of a :irrus cloud have been determ i ned , we illustrate that the verti’al
ice content may be estimated assuming that ice partic 1e~ are randomly orientedin a horizontal plane .

L 

Unclassified
S E C U R I T Y  CL A S S I F I C A 1 I O N  OF THIS PA G ~~rl4hen pale I

- . ..—

~ 

-~~



~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —
~ : ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~

WIID6 SKIIAS
III fl s.~ctIss £1 I

eu~~~~ 
0

S~~I~U1IO~ 
.~ fl~LA! 1UT1

DIsI A~~tL
-— S 

~ I TABLE OF CONTENT S

_ _ _ _ _  

Page

ABSTRACT

ACKNOWLEDGMENTS V

Section 1 INTRODUCTORY REMARKS 1

Section 2 SPECTRAL INFRARED RADIATION PROGRAM FOR CLOUDY

ATMOSPHERES 3

2.1 Basic Equations and Approximations 3

2.2 Radiative Transfer in Non-Isotherma l and

In homogeneous Clou d Layers 9

2. 3 D i scuss ions on Numer ical Proce dures 14

Section 3 APPLI CATION TO NOAA IV VTPR CHANNELS 20

3.1 Characteristics of VTPR Channels 20

3.2 Comparison Between Satellite Observations and

Theore tical Simu l a tions for Se lected C i rrus

Cloud Cases 25
F

3.3 TheoretIcal Results and Cloud Scene Discussions 34

3.3.1 Spectral transmission and reflection of

cirrus 34

3.3.2 Upwelling radiances and possible ice

~t. content determination 39

3.4 Conclusions 45

SectIon 4 APPLICATION TO NIMBUS V I HIRS CHANNELS 47



- . -~ ~~~~~~~~~~~~~ .1~~~~~
— — 

~~~~‘S~ 55~ ~ ~~~~~~~~~~ ~
• ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ — - . —._-S-•..

4.1 Character Istics of FURS Channels and Model

‘1 Atmosphere 47

4 1  Ratiolnq of Upwe’Il in q Radlances : A Case Study

on the Cloud Thickness Estimat ion 52

4.3 Parameterizatlon of Radiance Calculations from

Cloudy Atmosphere s 57

4.3.1 Cloud type determi natIon 57

4.3.2 Ice and water content determination 6?

4.4 Data Description and Selection 64

4.4.1 The three-dimensiona l nepha nalysis data 64

4.4.~ High resolution infrared sounder data 70

4.5 Cloud Type and Mass Determination from HIRS Data 7,’

4.5.1 Cloud type 72

4.5.? Cloud maSS

4.5.3 Cloud moisture mapping 7$

4.6 Conclus Ions

REFEREN CES

APPENDI X REMOT E SENSIN G OF THE TH I CKNE SS AND COMPOSIT ION OF

CIRR US CLOUDS FROM SATE LLITE S

~1

iv



- . - - .  - -

ACKNOWLEDGEMENTS

We would like to thank Dr. Smi th and Mr. Woolf , now at the University
r

p of Wisconsin , for providing us with the HIRS data and transmittance routine , I
Dr. McM iflin of NOAA for providin g us wi th the empirical program for corn-

put~ng angular dependent transmittances of VTPR channels, and Mr Conover

of AFGL for a number of helpfu l discussions on the ice content estimations

for cases presented in this report. A number of graduate students ,

• Captain W. Kaveney , Mr. D. Roewe and Mr. H. V . Yeh , have also made con-

tribut ions to the project. The research work reported here was supported

by the Air Force Geophysics laboratory under contract F19628-75-C-0107.

• We thank Mr. 3. Buntin g, our contract monitor , for his support during the

period of this research and for his helpful coments and constructive crjtj-
- cisms which have lead to a substantial improvement of this final report.

H

~~~~~~~~~



-=—~ • • • S —.—-
~ _- - - - - .----S-—— ’ - - - -

~~

--—-

SECTION I

INTRODUCTORY REMARKS

The structure and composition of clouds obtained from passive

remote sensing from satellites on a routine basis have been extremely

limi ted. Many of the methods utilized are based strictly on the statisti-

cal analysis of the observed data. This may be due to the complexi ty

of cloud interaction wi th the radiation field of the atmosphere. This is

especially evident for the globally distributed high , semi-transparent

cirrus clouds. The objectives of the satellite sensing and radiati ve trans-

fer project initiated in the Department of Meteorology, University of Utah

and sponsored by the Air Force Geophysics Laboratory are to develop (1) a

computer program to simulate the transfer of infrared radiation through

cirrus cloudy atmospheres, (2) a passive satellite retrieval technique to

• estimate the vertical ice content profile of cirrus and (3) a possible

three-dimensional cloud scene method from a combination of available satel-

lite sounding instruments such as those on board Nimbus VI and NOAA IV .

In this final report we present some of the highlights of result~
obtained during the past three years. Section 2 consists of discussions

on the theoretical foundation for the calculati ons of the transfer of

spectral infrared radiation in cloudy atmospheres. The infrared transfer

model allows the inhomogeneity of cloudy atmospheres to be treated approxi-

mately and it takes into account the gaseous absorption in scattering cloud

layers and the wavenumber dependence of radiative transfer. Application of

1
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the infra red transfer model to VTPR (Vertical Temperature Profile Radio-

meter) channels of the NOAA IV satelli te is described in Section 3.

Radiative properties of cirrus clouds are investigated and possible

cirrus cloud scenes are explored . In Section 4, we appl y the infrared

transfer program to HIRS(High Resolution Infrared Sounder) channels of

the Nimbus VI satellite with several combinations of middle and cirrus

clouds. The theoretical results are parameterized and are then used to

infer cloud characteristics from actual HIRS data . In the appendix , •

we attach a paper (Liou , l9’7) in conjunction with the development of a

retrieval technique for the inference of cirrus cloud characteristics

based on a set of synthetic radiance calculations in the window region . •

2
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SECTIO N 2

SPECTRAL INFRARED RADIATION PROGRAM FOR

CLOUDY ATMOSPHERES

2.1 Basic Equations and Approximations

The infrared radiation program begins with solving the transfer

equation for a plane-parallel cloud l ayer consisting of absorbing gases

in local thermodynamic equilibrium. The basic equation describing the

monochromatic infrared radiation field is given by

¶ dI (t,p) 
— 

+1
ii ~ * I (r,u) — I P ~~ )I  (T,~i )dp

UT V ,,1 V V

- (l-~~)B [T(t)], (2.1)

where

= 
~ / (~ 

+~ +nk ), (2.2)v S,v S ,v a,v V

B~~T) 2hc?v3/(e~~~~
T
~l), (2.3)

and I~ represents the monochromatic radiance of wavenunter v,~.i the cosine

of the emergent angle with respect to the zenith , T the optical depth , 
~ V

the normalized axially symetrical phase function , T the cloud temperature

which is a function of height or optical depth , 
~ 

the single scattering

albedo , B~(T) the Planck function , h and K the Planck ’s and Bol tzmann ’s

constants , respectively , c the veloc i ty of light, ~ and ~ the volume
S,v a,v

LL 
~~ -5S~~~~~~~~•-~~~~•rn.~~~~~~~~
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• scattering and absorption cross sections for cloud particles of wavenurnber

v, n the number density of the absorbing gases within the cloud l ayer , and

the absorption coefficient of the gases .

The normalized phase function may be expanded into Legendre

polynomials consisting of a finite number of terms . Upon replacing the

integration in Eq. (2.1) by summation according to the Gauss ’ quadrature

formula , a set of first-order inhonogeneous differential equations are

der .ved. Cy seeking the homogeneous and particular solutions of the

differential equations as described by Chandrasekhar (1950), the complete

solutions of the scattered radiance for a given discrete-stream j as suming

an isotherma l cloud temperature Tc may be written (Liou , 1973;1974)

= 
~m

Lm4m 
.)e m + B(T c)~ 

(2.4)

where 
~ 

denotes summation over the 2n discrete streams employed , 
~~ 

and

km are the eigenfunction and eigenva lue of the differential equations

whose values depend upon the phase function and single -scattering albedo ,

and L1~ are a set of constants of proportionality to be determined from

the radiation boundary conditions above and below the cloud l ayer.

The upward and downward radiances arising from the molecular p

absorption and emission reaching the cloud bottom and top, respectively,

can be obtained by solving the transfer equation for a non-scattering

atmosphere in local thermodynamic equilibrium. They are given by

1
~~~

(z t , -~1i ) = I~ ~~~~~~~ 
T
~

(z ,zt;-p1 ), (2.5)
Zt

4
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I t (z
b ,tL. ) = 

v~~s~~v~~b~~~~~
Zb

+ .r 8 [T(z)]d 
~~b’~~~~~’ (2.6)

where is the surface temperature, and Zt and zb are cloud top and base
* heights , respectively, and the monochromatic transmittance is

z2
I (z ,z ;~ i . )  = exp [~ 1_f k (z)n(z)dz]. (2.7)

v 2 1  1 V

Assume tha t the variation of the Planck function with respect to the

wavenumber is much smaller than that of the transmission function T
~
.

Thus , upon multiplying Eqs. (2.5) and (2.6) by the instrumental slit

function 4(v) and performing the wavenumber integration over the spectral

interval (~~1 ,v2), we have

I
~~~

(z t,~~.) 
= I ( z t*~~~

)4(v) 
~~

= 

~~: 
B~~{T(z)]d TA (z

~
z
~ 

;-
~~~~~~

) ,  (2.8)

V 2
f
V
l 

I
~~

(z b ,~j )4 (v) ~~~~
-

= BA
(T S )T A (z b~0;

~
.t
~
)

Zb
+ B

A [T(z)]d A (b,;U )* (2.9)

where the spectral transmi ttance is defined by

5
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V
2 z2

TA
(Z

2~
Z l;t I j ) = I exp [- ~~~~~~~~~~ k ( z ) n ( z ) d z ]  4 (v )  ~~. (2.10)

V
1 

1 Z
1

We first examine the transmission function (or transmittance).

For a given height z, the transmi ttances are normally available in the

form

V
2

TA
( z )  = TA (z ,co ;l) = I exp 1- 1 k (z)n(z)dz] 4(v) ~~-. (2.11)

V
1

• In reference to Eqs. (2.1) and (‘.2), we notice that the gaseous

absorption coefficient k
~ 

is needed to carry out the transfer of infrared

radiation in cloud layers composed of absorbing gases. However, k
~ 

‘is known

only through the absorption line parameters of gases and its values vary

greatly wi th wavenumber in a small spectral interval . It is very diffi-

cult , if not impossible, to carry out line—b y-line calculations including

scattering contributions of cloud particles . Thus , a simpler approach

for the gaseous absorption in a scattering layer would be to make use of

the known transmi ttances which have been obtained to a good accuracy by

L 

means of line-by-line calculations for inhomogeneous atmospheres in con-

junction wi th satellite sensing. Recognizing the definition of the

vertical transmittance in Eq. (2.11), we may approximate it by

V 2 -iZ u M
TA (u)  :1 e ~ ~~~ 

~ 
w~ e , (2.12)

• 
V
1

where the vertical path length

• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ j
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z
u = 

~

k~ may be thought of as an equivalent absorption coefficient , w~ is the

weight and M denotes the total number of finite terms in the fitting of

the transmitt ances. Once k~ and w,~ have been determined , we may consider

the transfer of spectral infrared radiation as monochromatic In the sub-

spectra l interva l j and carry out transfer calculations In a cloud layer

M times with a new single scattering albedo ~ ,
3. Here , we assume that

the phase function and the absorption and scattering cross sections of

• ice crystals are i ndependent of the wavenumber within a spectral interval.

These assumptions are justified in view of the relatively slow varying

refractive indices of ice in the infrared regions as evident in the next

section.

Without postulating any assumptions and approximations , the upward

radiance at the satellite point of view in completely cloudy conditions may

be expressed by

V
2

= I I
~~

(z t~~ j ) T (
~~*z t ;u . )  4 (v )~~V

1 
p

H
+ f B [T (z )] dT (oo ,z ; 1~. ) ,  (2. 13)

• where I denotes the monochromatic transmittance associated wi th the up-

ward radiance I~ at the cloud top. The second term on the right-hand

side Is for the clear atmosphere above the cloud l ayer and It is an exact

ex press ion. However , the first term requires approximations in order to

7 
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take the scattering of cloud particles into account.

On the basis of the exponential fit to the transmission function

described in Eq. (2.12), let I~ (jz l ,2,.. .,M) be the resulting radiances

calculated from the transfer program involving cloud layers . Eq. (2.13)

can be approximated by

M

~AV~~~ ’~~ ~ 

~ 

I1
~(z~ .~i . )  w~ Tj(co tzt;u i )

+ f B~ ,1T(z)] dTAV (co ,z;pj ), (2.14)
Z t

where it at the cloud top is to be evaluated from the upward and downward

radiances arising from the molecular absorption and emission reaching the

cloud bottom and top using the equivalent absorption coefficients and

wei ghts derived from the exponential fit noted in Eq. (2.12), and T~ is

associated wi th the exponential function given by Eq. (2.12). The success

of carrying out such a semi-monochromatic infrared transfer calculation

depends solely on the reliability of fitting the satellite transmission

functions for the entire atmosphere .

Since the variation of the radiative property of clouds over a p

small spectra l interval is much smaller than that of the transmittance and

since the spectral transmittances for satellite channels,TAV , are available

from the top of the cloud to the top of the atmosphere, we postulate from
• Eq. (2 .13)  tha t

I ( z ~~~1 ) TA (ø
~
,zt ;u.)

+ f 6 (1(z)] dT~~(o ,z;~j
1) , (2. 15)

--5
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where

I
~~

(z t,~1) 
~~ 
!~(z~,p~), (2.16)

and semi-monochromatic upward radiances I~
’ are to be eva l uated from the

procedures described below. The approach described here makes use of

the known spectral transmission functions above and below the cloud and

utilizes the exponential fitting program for the cloud layer. If the

cloud layer is a black body , then Eq. (2. 15) is an exact expression where

will be given by the Planck function of the cloud top temperature.

For moderately thick and thick clouds , we would think that the approxi-

mation is a good one since cloud particles , not the gases within the

cloud , domi nate the transfer processes.

• The upward radiance at the satellite point of view in clear

conditions is simply

= BA (T s ) TA (co ,o;JJ.)

+ f B~~{T (z ) ]  dTA (co ,z;
~
1I ). (2.17)

Thus , if within the field-of-view of the satellite radiometer there is r~

portion of cloudiness , the upward radiance at the top of a partly cloudy

atmosphere Is then given by

= nIA
C(~~~j) + ( l

~
n ) I A~~~

(
~~~i

). (2.18)

2.2 Radiative Transfe r in Non-Isothermal and Inhomogeneous Cloud
Layers

• The solution of the infrared radiative transfer equation given

by Eq. (2.4) is applicable only to isotherma l and homogeneous cloud layers.

9
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The question of inhomogeneity of cirrus ~loud coniposit lons is a diff icult

one . In the f irst place , there have not been many observations ava ilati le.

For the purpose of radiative transfer calculations , it seems that averaged
• propertie’~ of cloud compositions may he appropriate. However, the

effec t of the non-isotherma l structure of clouds on their radiative pro-

perties is more critical . Physical ly, a col d cloud top would reduce the

t ransmitted radiances . It Is conceivable , therefore , t ha t an overvstlria t ion of

• upward radiances is likely to take place. Although our main concern is

the non-isotherma l structure , the transfer program described below may

be uti l ized to investigate , i f  desi rable , the inhomogeneous properties

of clouds as well .  •

• In ~‘eferenc.e to Figure 2 .1 , the cirrus cloud layer is divided
• Into a number of sub-layers each of which is considered to be isotherma l

and homogeneous. The optical depth I s  evaluated from the cloud top to

the bottom of the sub-layer. The index is used to denote the number of

sub-layer. We now apply the solution of the radiative transfer equation

given by ~q. (2.4) to each sub-layer and sub-spectra l interval j to

obtain (y denotes summation over discrete-streams , (-n ,n))
m

I
j~~

( T * n i
) 

~ 
L
~~~~i )e~~

1 + 
~ 

(T~). (?.l~1)

in order to determi ne the unknown coefficients L~. the radiation

continuity relationships are needed In addition to two radiation boundary

conditions specified In Eqs. (?.8) and (;‘.9). At the cloud top the down-

ward radiance has to be equal to tha t from the molecu lar atmosphere above,

so that

L 

10
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•

Figure 2.1. Radiative transfer mode l for an inhomogeneous cirrus cloudy
atmosphere. The cirrus cloud layer is divided into several ‘

sub-layers each of which is considered to be isothermal and
homogeneous.

11
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Between the l ayers, the radiances from all directions must be continuous.

Thus ,

1~ 
t (t z

,ui ) = 

~ 
(t t ,Lj i),2~ 1 ,2 ,...;N-l , (2.2 1 )

where N denotes the total number of sub-layers. Lastly, the upward

radiance has to be equal to that from the molecular atmosphere below

to give

• 1 N(T N 
+j j ) = I 1

~
(z b,+~ i)w . . (2 .22 )

Upon inserting the radiance solution expressed by Eq. (2.19) into

Eqs. (2.20 ) - (2 .22) ,  we have

z L1~~(-~1 ) = I ~~(z~,-ii~) - B3 (T~ ), (2.23)

LL~~~v~~~~~~~~ 1
) + L~~~~~~~~1 )] Bj (T~~1 ) - B~ (T~), (2.24)

x iNy~
hl (+ 1~~.) = I i~ (z~,,+~~) - B~ (T~), (2.25)

where

mt 
, (2 . 2 6 )

km T

~m ~~~ 
= — 4m(~ i )e , (2.27)

12



Eqs. (2.23) - (2.25) represent a system of 2n x N linear equations from

which the L~ coefficients may be determined using a matrix inversion

technique . We may rewrite Eqs. (2.23) - (2.25) in a compact matrix form

q~ L = 8, (2.28)

where the unknown coefficients of proportionality

L~ I
,

2I-n

L (2.29)
2

L0

• N
F 

I

N
I

The matrix denoting the contribution due to cloud emission and upward

and downward radiances reaching the cloud base and top, respectively,

[‘1
~ 

I (z~,-p ,i ) - B~ (T
i )

I~ ~
(z

~
,—

~
i
~

) — B~ (T~)

- 8~ (T~)
• B =  : I (2.30)

B~ (T~ ) - B~ (T~)

I~ ~(z~,÷~~) - B~ (1N)

•
1 

~~~~ ~
(z b I+~

i,~
) - B~ (T~ )~~

13
• - 5 - — —-- - - 5 - -



pr—’- - — -
~
---

~~~ 
— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— -- • -- — 

—

I

and the 2n x N  by 2n x N  matrix

• ! ~tF _ 1!1
(-~L~~) .. (-~~ )

- 

•=  . (2.31)
l ( ) ,. 

l ( )
~ 

2~~ ~ • .  ~~ ~• -n n n n - n  n n n

• y l (~ ) .. ~
l (~ 

)
~ 

2~~ .. ~~~-n n n n -n n n n

• N N

‘
~~

I 
~~~~~~~ 

..

In Eq. (2.31), the blank spaces denote zero elements. A similar procedure

has been employed by Liou (1975) for the transfer of solar radiation in

inhomogeneous atmospheres. Once L~ have been dete rmi ned , they can be

inserted in Eq. (2.19) to obtain the sub-spectra l radiance distribution

within each sub-layer.

2.3 Discussions on Numerical Procedures

Calculations for single scattering parameters were first carried

out for ice cylinders randomly oriented in a horizontal plane according to

a previous theoretical model for ice crystal clouds (Liou, 1972). Based - t

on observations of Weick mann (1949) and experimental results from Heymsfield

and Xnollenber q (1972), a mean length of 200 pm , a mean radius of 30 pm and 
-

a mean concentration of 0.05 cm 3 along with the correspondinq refractive in-

dices for ice (Schaaf and Williams , 1973) were assumed in the scattering cal-

culatlons. The sinal e scattering parameters for the water cloud utilized a

14
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drop size distribution developed by Feddes and Smi th (1974). This distri-

bution is an exponential fitting of the best published measurements taken

from cloud physics literature. Although this fitting was done for ten cloud

types, only the altostratus cloud distributi on is used. in the calcula-

tion of the single scattering parameters for altostratus clouds , a liquid

water content of 0.15 gm m 3 was used. The real and imaginary parts of

the refractive index for water were taken from Hale and Querry (1973).

Single-scattering computations were carried out for the central wavenumber

of each channel .

The phase functions are expanded in a series of Legendre poly-

nomials in the form

P (~ ,~
‘) ~ ~~P~(p)P~(p ’), (2.32)

9.0

where i~~ are obtained from the orthogonal properties of the Legendre

polynomials. The expanded form is to be used in the transfer calcula-

tions.

To derive a set of equivalent absorption coefficients for

use in cloud scattering calculations , an exponential fit of the form

denoted in Eq. (2.12) was applied to transmission curves of the CO2
and 1120 channels. Note that the transmission curves take into account

absorption by 1120, CO2 and 03 simultaneously, with each gas distributed

differently , and the instrumental slit function. These curves cover

the entire atmosphere from 0.01 mb to the surface, which introduces

a significant pressure variation.

A simplif ied fitting routine was developed which guaranteed the

required restriction on w~ an d kj ~~ th have to be positive). The numerica l
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scheme is based on the following i terative process. An initia l TA
(u l )

and w 1 are chosen (initially w 1 = 1) and k1 is generated from (see Eq.

(2.12))

W1
= ~n T (u ) (2 .33)

1 f ~v 1

-k 1uThe curve TAV (u) = w 1 e is then generated point by point; as each

new point is generated it is compared with the true value T
~~

(u), which is

the known transmittance. to make sure it meets the following conditions:

T~~(u) < T~ ,(u)

(2.34)

dT~ (u) dT~~(u)
du du

The second condition requires only a rough approximation for the derivative .

If either of these are not met , a new w1 is generated , (i.e., w1 
= w 1 x

constant) so that the new w1 is slightly less than the old one , and the

above is repeated . If no w1 can be found , a new u 1 is selected (larger

than the old point). When a good w1 and k 1 are found, the above process

is then repeated to produce a w2 and k2 using va lues of TAV (u) - T
~~

(u )

instead of TA (u). The number of points needed to fit the curve then

depends only on the size of the error tolerance used and on the range of

u over which TAV ( u )  is to be fitted. The exponential fitting approximation

is restricted in the scattering cloud l ayer, so that the gaseous absorption

within the cloud l ayer may be included . Note here that spectral transmit-

tances are available both above and below the cloud.

Once the scattering and absorption properties of ice crystals

and the spectra l absorption characteristics of gases have been determined ,

16
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we may eva l uate the volume single-scatte ring properties for a mi xture of ice

crystals and gases within the clouds . According to Eq. (2.2) and the expo-

nentia l fitting program described above , the single -scattering albedo , in-

cluding gaseous contribution for a spectral interval whose centra l wavenumber

is v, may be wri tten

= 

~s 
/ e~

hl(j) j = 1 , . . - ,N. (2.35 )

where 
~ 

represents the volume extinction cross section . The total optical

• depth for a cloud with a thickness of •~z is given by

• 
= 
~eAZ 

+ uk3 , 
j 1. ... ,N, (2.36)

where we omi t the subscript v in the right-hand side of these two equations.

Note that u is the gaseous pathlength. The amount of H20 within clouds is

estimated by using a mean temperature and assuming saturated conditions. CO2
concentration is assume d uniformly distributed in the a tmosphere . Thus , the

pathlength of gases within the cloud may be obtained. Finally, it is also

assume d that the spectra l phase function is

= (2. 37)

as described previously. The single-scatterin g albedo , the total optical

depth for a given thickness ~z and the phase function in the form of Legendre

polynomials are the basic parameters for carrying out the spectra l radiative

transfer calculations.
F 

The monochromatic transfer program first generates the required

eigenvalues for a set of homogeneous differential equations from the

single—scattering albedo and the expanded phase function . Liou (1973)

17
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pointed Out the mathematical and numerical amb i guities involving

Chandr ase kh ar~s (1950) method for searching the elgenvalues correspond-

ing to the 2n associated homogeneous differential equations, and developed

a matrix method directly from the associated homogeneous differential

• equations for the eiqenva lue problem. Recognizing the symmetric relation-

ships between the matrix elements , Asano (1975) further developed the ana-

l ytic procedures for the reduction of the rank of the matrix. These

developments thus allow the accuracies of eigenva lues to be improved and

the computer time involved qrea tly reduced . Computations p resented in

this paper follow the numerical procedures outlined by Liou (1973) and

Asano (1975) for eigenvalue problems in the discrete-ordinate method for

radiative transfer .

Secondly, the ~roqram calculates the clear column angular upward

and downward radiances arising from the absorption and emission of gases

(in forms of transmittances) above and below the cloud as well as the

surface con tribution. Each model atmospheric profile is divided into 101

levels from the surface to 100 km by means of linear interpolation between

the ava i la b le data on p ressure , temperature and humidity . The non-isother- 
-

mel clou d temperatures are assumed the same as those of the surroundings.

the program then solves the unknown coefficients of proportion-

al ity of radiance solutions for an inhomogeneous system of equations

descri bed in Section 2.2. After proper summation over the sub-spectra l

weight derived from the exponential fit , the transmitted and reflected

spectral radlances at the cloud top and bottom , respectively, can be

obtained. Since the infrared computer program employs 16 discrete streams

in the calcul ations, interpolations of the 16 radiance values are finally

18
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needed to obtain 0°, 180° and limb (90°) directions. Note that 0° and

180° directions are used to define the transmissivity and reflectivity

of clouds.
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SECTION 3

APPLICATION TO NOA.A IV VTPR CHANNELS

3.1 Characteristics of VTPR Channels

In this section we investigate effects of cirrus clouds on

NOAA IV VTPR (Vertical Temperature Profile Radiometer) channels and explore

cirrus cloud scenes utilizing upwelling radiance observations from these

channels.

The NOAA 4 VTPR instruments consist of six channels in the 15 pm

band of C02, one channel in the window region at 12 pm and one channel in

the rotational band of water vapor. Table 3.1 shows the nominal character-

istics of the eight fil ters in the VTPR instruments. The center wavenumbers

ar~ employed to calculate the singl e scattering properties

Table 3.1. Nominal spectral intervals for VTPR channels.
after McMillin et al. (1973).

Channel Center wavelength Half-width

(pm) (cm~~) (cm~~) 
-

~~~~

1 14.96 668.5 3.5
2 14.77 677.5 10
3 14.38 695.0 10
4 14.12 708.0 10
5 13.79 725.0 10
6 13.38 747.0 10
7 18.69 535.0 18
8 11.97 833.0 10

20
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of ice crystals which are presumably valid for the entire spectra l region.

Atmospheric transmi ttances for the eight spectra l intervals are ava ilab le

for the zenith angles of 00 and 23°47’ (McMillin et al., 1973). Accord-

ing to their report, transmi ttances for CO2 are based upon calculations

made by Drayson (1971) empl oying the point-by-point method for a number

of temperature profiles. From these transmittances, transmittances for a

given temperature profile may be obta ined by means of interpolation . Ozone

transmi ttances, which are a minor correction , are calculated from a line-by-

line technique for the l ower atmosphere using climato logi cal ozone profiles

(McClatchey et al. , 1971). As for water vapor , a procedure proposed by Weinreb

and Neuendorffer (1973) is utilized to obtain the transmittances of selec-

tive absorption in inhomogeneous atmospheres . The effect of the water

vapor continuum is also included based on laboratory measurements (Bignell ,

1970). Thus , the transmi ttance of a VTPR channel for a given height z is

given by

CO H O  0
TA

( z) T~ 
2( z ) T A

2 ( z ) T
A
3(z). (3.1)

rigure 3.1 depicts the weighting functions of the VTPR channels.

Since clouds are normally tropospheric in origin and are located below about

200 mb or so, we would anticipate that their effects on upward radiances ob-

served in channels 1, 2 and 3 of the CO2 band are relativel y insignificant.

There are only two sees of transmittances being generated for

VTPR instruments corresponding to 0° (nadir) and 23°47’ zenith angles.

However, spectral radiative transfer for cirrus clouds require the clear

column angular upward and downward radiances reaching the cloud base and

top, respectively. To evaluate these radlances , the angular dependent

21
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Figure 3.1. WeIghting functions of the VTPR CO2 channels (after McMi lli n
• et al., 1973).
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• I transmittances from 00 to 90° zenith angles are needed. The maximum

• VTPR scan angle is about 40° zenith angle. Thus, angular transmittances

other than 00 and 23°47’ are also needed for the interpretation of the ob-

served upward radiances. Accordin g to McMil lian (1976, personal coninuni-

cation), the angular transmittances for the 15 pm CO2 channel s are appro~—

imately given by

T
~~
(z,p) = [T

~~
(z)J , (3.2)

where

i

• f1 
= [sec(cos p) ]  . ( 3.3)

• .-, The empirical coefficient f2 was derived from a four term polynomial

fitting. It is related to the pressure and temperature for a given level

and certain empirically determined constants. For water vapor channels 7

• and 8, however, angular dependent transmi ttances are approximated by

T~~(z ,p) = [TA (z )  ec( O.7 7 cos~~p)~ (3.4)

Veri fication of the empirical angular transmittances was done by

comparing the calculated and observed radiances for various scan angles .

It appears that up to about 40°, they are reasonably reliable. Since no

additional information is availabl e, we have used these empi rical equations

to evaluate the angular transmittances from 00 to 900 zenith angles for the

eight VTPR channels. It is anticipated that errors may be produced for

large zenith angles close to the limb . But we also note that contributions

of radiances close to the limb are insignificant owing to the very long

23
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gaseous path length.

Table 3.2 lists optical properties for randoml y oriented ice cy-

linders based on a scattering program developed by Liou (1972). The real and

Imaginary parts of the refractive indices are taken from the recent measure-

ments by Schaaf and Williams (1973). We see that Imaginary parts decrease

from the shorter wavelength to the longer wavelength in this part of the in-

frared spectrum with the window wavelength havin g the largest value. However ,

• the window wavelength is also associated with the smallest value of the real

part of the refractive index . The ice cylinders appear to have the largest

extinction cross-section and larges t single scattering albedo in the rotational

band wavelength owing to the smallest imaginary part. The fact that the ex-

tinction and single-scattering albedo vary insignificantly in these wavenumbers

is probably because of the large particle size considered in this study .

Table 3.2 OptIcal properties of ice cylinders (length 200 pm ,
width 60 pm) for the central wavenumbers of VTPR
channels.

Channel v(cm~~) ~r ~i ~o 
oext(l0

4dhh12)

1 668.5 1.573 0. 178 0 .527 2.94

2 677.5 1.581 0.194 0.528 2.94

3 695.0 1.583 0.232 0.530 2.94

4 708.0 1.577 0.262 0.532 2.92 
•

5 725.0 1.556 0.305 0.533 2.92

6 747.0 1.522 0.349 0.534 2.92 
- 

•

7 535.0 1.503 0.074 0.554 3.12

8 833.0 1.259 0.409 0.531 2.86

24
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3.2 Comparison Between Satellite Observations and Theoretical
Simulations for Selected Cirrus Cloud Cases

Three cirrus cloud cases under the NOAA satellite pass were

selected for comparison between the present theoretical calculations

and satellite observations. Figures 3.3a, 3.3b, and 3.3c represent

the case studies to which the cloud model was applied. Each case study

is described to include the atmospheric profile, the synoptic situation ,

and the cloud composition determination. These cases were selected

from a group of cases developed by the AFGL during 1974 and 1975. These

three case studies were used to test the cloud model program under three

conditions and include cirrus with low clouds (Jan. 11 , 1974), thin

cirrus with no low clouds (Feb. 1, 1974), and thick cirrus with no low

• clouds (Jan. 22 , 1975).

Each figure depicts the profile of temperature , pressure, and

wa ter vapor versus height. Each parameter was interpo lated to 101 levels

used in the clear column radiance calculations. Input into each profile

was the actual temperature and water vapor profiles of the nearest radio-

sonde station to the point of interest in time and space linearly inter-

polated to the required pressure heights . Above the level of the radiosonde

• the temperature , water vapor , height and pressure profiles compiled by

McClatchey et al. (1971) for a midlatitude winter atmosphere were used for

each case study .
• The position and ice content of the cloud for each case were

estimated from airborne Instrumentation equipped with a Knollenberg

probe (Knollenberg, 1970) used by AEGL during the cloud physics experi-

ment. These estima tes were obtained by an aircraft spiralling downward

from 10 km at the approximate time of the satellite pass. Objective

_  
- 

25



• — — • 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘-
~ ______ — ____

( * 1  I~~~I o c I -~ ._~~• N J ~ 
,— (~~ v~~ 0

[ii TTL . L .~~~~~~~~~~~

~~ * L___, 
;

L._,

~ I E E
r ~~ ~~ Q- 4-) S.- 4~)

~ ~ ~~ ~

~~ k ~~ ~~ 
~

~ E ~
0~ 5.. • 

- ,, -, - p. ~~~ Q)

N * -
p. - p - ~ • a. 0 2 2 =

N 5.4 - N

- 5.) N 5.) 
~~~~~~~~~~~~~~~~~~~~~ •4 J

N N N 2 N - C -~~~ 0
~ 2 0 C I — 4-

15. N N 0 ~~.C ~~ C U
O) 0 ~~4~~~u~ • Q ~

)
~1~ U S...—
-~~ Q) LI) 0) 0 0

.C .C ui ..-

-~~ a,-,-
14~ ~f l 4-) ~j) I n>
0 4-’ 4~)o ~ c o~ -~
C 0- iv in I— s~.
~~~ Q) a ,—

—~~
5- ~~ -~~ 0- 0) 0)

0 —
~~o !— —

~ a ,
~~~
.,... 

~~~~~~~~
o — 5- 1% ‘—~~ T 4— 4--~~~ w

In ‘—~~~~~~~~ 
U w ,—~~~~ 

a, 0~~~)C 0-
~~~4#  (fl ..C 0 Eo $11 

‘
‘ ~I5 i v U I n 4-~~~~~Q)

U

‘- a’ II) ~~ ~~ _ I.. ~~ ~~ 
c~, 

-
~~, •~

• U (/, 4~)
_______ ~~~~~~~~~~ ~~ 4•— 4-’ iv 0 C

• 0 0 00 ) 0 _a,
‘ I  C

W~~~ 
I O G ) ~~~~ 4 - C . v

~~~ ‘ gg 2  ~~~~~
4- 0

( ‘2~ ~~~I/~~V W v ~~~~S.- r0~~~ o
s_ .~~ 

.
~~~~~w a ,

0 0  . C 0 I n~~~~~~~~

~~~1 
~~~~~~~ U IU .s 0

/ ~C 4 - ) D  ~~/ 4-I S i v C 4 -’ .—.
/ •

/ \ ,--“ ~ 
§ ~ ~~ 

.
~~ ~~

/ \ ---
/-

--
-- §

~
. ~~~

I. . :. .T- IT . . 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~:!• 2 2 2 2 ~~ 

Q • ~~ o°~
(We) 3OfLLIflV

26

L - 
_



•—--.- _____ —-5 —-- ,-~~~— — -- _-.‘-~~ —--5— —-5
F —

In

0

_JITTTT L_ JTTTTTL.~~~~~~

• Fii ~ ~ * 1  
[18 ! ~

~ 1* ? ~ ‘5..-

Ui
I;

- -
• ,-~~~3 ~~~~~~~ I ’

~~ 
:::~• - II  I 

II — .

~~! I N III ; ;.
~

I I~ 

— 

~ .b

J~~~~~~~~~~~~~~~ 
~~~~~~



0)
5-

FTT I1__ _ F~~~~~~~L

~ 
i-i-l____ I ~ ~

• ~ 
[-r F; ~ ~ £ £ * 1  ~ 1i2 ~ * 1

~ g 

~
[ 

~ ~~~

—

5.5.~~~~~~~~~~~~~~~~~~~N~~~~~~~ 

0

~I.. i;— I

dl !
I I  I

N ~l

1~ /~ 
—

§ ~~~~.

• 
~~~~~~~~~~~~~~~~~~~~~~

2 2 2 1 ~ 2 • N 0
0

N
0

(‘u) J Q flAIJi V

28



-5 —-- 

analyses of ice contents were also made. The ice content analyses involve

best estimates derived from detailed aircraft observations consisting of

visual observations , snow intensity , particle size replica , visibility ,

temperature and photography (Conover, 1976, personal coimi~un ication).

From all these pieces of information as functions of the altitude , Conover

(with the consul tation of AFGL cloud physists headed by R. Cunningham)

derived the total vertical ice contents used in this investigation .

To use the observed cloud information in the theoretica l

transfer calculations , the vertical ice content for the ice cloud model

employed in this study has to be defined . For randomly oriented ice cyl-

inders in a horizonta l plane , it is given by

IC = nr
2
~ p 1 

N ~z, (3.5)

where r and z are the radius and the length of the cylinder , respectively,

p
1 the density of ice , N the number density and Az the thickness of the

cloud . As described earlier , the vertical ice content and the cloud

thickness are available from aircraft observations. Since the radius

and the length of the ice cylinder have been specified to obtain the

single-scattering parameters, it follows that the ‘equivalent” particle

number density can be derived. Once the number density has been obtained ,

the optical depth of ice wi thin the cirrus cloud under consideration is

si m ply equal to aext N ~z. Together with the optical depth of the gases

within the cloud , the total optical depth represents one of the fundament-

al parameters in transfer calculations. Having the atmospheric temperature

and water vapor profiles from radiosonde , and the cloud structure and

composition specified , transfer calculations may now be carried out for

29
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these cases.

The sate l l i te  data depicted on each figure is the scanning

radiometer (SR) data representing the area sensed at one scan position

of the VTPR sensor, where the zenith angle is that angle that the center

of the VTPR scan position makes with the earth ’s local zenith . The upper

presentation is the temperature reading obtained from the scanning radio-

meter, while the lower presentation is the visible channel of the scanning

radiometer. Brief descriptions on each case are in order.

January 11, 1974

The area of the United States east of the Rocky Mountains was

under the infl uence of a weak low , which at 500 nib had its center in

north central Canada . The trough axis was very flat extending through

North Dakota southwestward into western Texas. A weak surface low was

centered in western Pennsylvania with a weak cold front extending south-

westward to New Orleans. A weak warm front extended due eastward . Pre-

cipitation was spread along the frontal system from Al abama to the east

coast. Chesterfield , South Carolina 34.65 N - 80.20 W was located under

the cirrus shield of the frontal system. The location had an observation

of overcast stratocumulus with the top at 2 km and a 6/10 cirrus l ayer - p

from 8.8 to 9.8 km. The temperature, pressure and water vapor profiles

were obtained from the 1200Z Athens , Georgia sounding. The time of the . 
-

observation and the satellite pass t ime was l52lZ. The cirrus cloud ice

content was estimated to be 11 gm ‘~f~
2 in the VTPR field of view . The SR

field of view of the VTPR spot had a mean brightness of 181 and a mean

temperature of 281 . 3°k. These readings suggest that the cirrus is semi -

transparent In both channels. Most of the observed bri ghtness was ~rohably

contributed by the stratocumulus since the cirrus was semi-transpa rent to

b • 
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the aircraft observer.

February

The area of the United States east of th ’ Rocky Mountains was

under the infl uence of zonal flow at 500 nib with a surface high pressure

centered near the Minnesota-Canadian border. A weak fronta l system was

oriented east-west across centra l Alabama to a low pressure in western

Ok lahoma . A major area of precipitation was apparent over Michigan west-

war d to North Dakota . R i chmond , Indiana 39 .75 N - 84.83 W was located

under cirrus clouds south of the main precipitation area . The location

had an observation of a thin 7/10 cirrus cover from 9-9.8 km. The temper-

ature , pressure and water vapor profiles were obta i ned from the 1 2001

Dayton , Ohio sounding. The time of the observation and satellite pass

time was 1 5262. The cirrus cloud ice content was estima ted to he 2 gm m~
in the VTPR field of view . In this case, the SR means are 58 in the visible

channel and 263.9°K in the IR channel . The cirrus is again transparent in

both channels since the mean readings are very close to the surface con-

ditions. Note that during the above two days, the cloud physics obser-

vations were under the NOAA 2 satellite . Inspection of the VTPR trans-

mittances of NOAA 2 and NOAA 4 indicates insignificant differences. Thus,

we have consistently used the NOAA 4 VTPR transmittances in the present

study .

January 22, 1975

The area of the Un i ted States east of the Rocky Mountains was •

dominated by zonal flow with a cutoff low over New Mexico at 500 nib. The

surface had high pressure centers over western Virginia and central Iowa

divided by a weak frontal system. Richmond , Virginia 37.53 N - 77.27 W

31
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was located in a general area of scattered fog and overcast cirrus. The

location had an observation of 10/10 cirrus from 4.4 - 5.7 km and 10/10

cirrostratus from 6.7 - 8.7 km and 5/10 cirrus from 8.7 - 10.7 km. The

temperature, pressure and water vapor profiles were obtained from the Richmond

1200Z sounding. The cirrus cloud ice conten t was 6.4 gm m 2 for the top

l ayer, 67.8 gm m 2 for the middle l ayer and 104.2 gm m 2 for the lower

layer in the VTPR field of view . The time of the observation and satel-

lite pass time was 1417Z. The SR averages were 248.4°K and 134.5 for the

IR and visible channels , respectively. The temperature reading is the

same temperature as l ocated at 6.5 km in the sounding.

Fiqure 3.4 illus trates comparisons between the observed and com-

puted upward radiances for the three cirrus cloud cases described previously.

Note that the VTPR scan angles are denoted in Figure 3.3. For the case

when thick , layered cirrus clouds are present, the top l ayer consists of

only 50% cloud cover. Thus , calculations were made by averaging the re-

sulting values for a three- and a two-layer cloud system. The calculated

radiances for channels 4-8 are consistently lower than those observed from

the NOAA 4 satellite . Possible explanations are that the observed value of

the ice content was overestimated , or the particle size used in calculations

was too small , or the cloud temperature was i mproperly assumed . Comparisons

between the observed and computed radiances for the single cirrus cloud case

reveal systematically higher values based on theoretical simulations . Again

it is perhaps caused by one of several possibilities such as an underesti-

mation of the vertical ice content within the fiel d of view of the VTPR

instrument. In our judgement, the systematic behavior of the calculated

and observed radiance values for those two cases indicates to certain ex-

tents the reliability of the theoretical model for the transfer of spectra l
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infrared radiation. The final case contains an overcast lower strato-

cumulus and a light cirrus. It is assumed that the low cloud is a

black body so the transfer calculations start from the cloud toe. Corn-

parisons with observed radiances show good agreement except for channel

8. In order to find the physical reason for the deviation in this

particular channel , careful exam ina ti ons were carr ied out for transfer

calculations. The observed radiance in channel 8 is about 98.3 watts

cm 2 ster. -l (cm~~)~~. However , utilizing the observed temperature

and mixing ratio profiles denoted in Figure 3.3a, it was found that

the clear col umn radiance at 34.6° zenith angl e was only about 99.4

watt cm 2 ster. -l (cm 1 )1 . In view of the considerable reduction

of radiances in all other channels , it seems that the observed value in

channel 8 should have been on the order of about 90 watt cm -2 ster. -1

(cm~~)~~. We note here that this is the only unsatisfactory channel corn- - 

-

parison .

Within the uncertainties invol ved in the measured radiances and

atmospheric and cloud parameters, and the assumptions employed in the

theoretical model , agreement between satellite observed and theoreti- 
-

• 
1

cally simulated radiances appears satisfactory for these three selected

cirrus cloud cases. These comparisons establish our confidence in the

theoretical model for the transfer of spectral infrared radiation. It

should be noted that since the peaks of the wei ghting functions in channel s

(-3 are all above the possible cirrus cloud location , cloud effects on the

upward radiances in these channels can be i gnored.

33 Theoretical Results and Cloud Scene Discussions

• 3.3.1 Spectral transmission and reflection of cirrus. In this section
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we present some resul ts of the radiative properties of cirrus clouds and

cirrus cloudy a tmospheres. It 15 Convenient to define the spectra l trans-

niission T~~ and reflection RA~ 
of a cloud l ayer as follows (see Eqs. (2.5)

and (2.6)):

T~~~~~. 
= IAV~

(z t,l) / IAV~
(z b, l )  1 -5

- (3.6)
R
~~ 

= I
A V  

(z b, l)/IAV (z b, 1) J

Physically, the transmission defined above represents the actual perrent-

age attenuation of upwelling radiances reaching the cloud base , and it

may be employed for the parameterization of cloud radiative properties

from a satellite point of view . Note that both transmission and reflec- •

tion include contributions of cloud emission , which is automatically

generated in transfer calculations .

Figure 3.5 illustrates the spectral refl ection of cirrus as a

function of the thickness and the vertical ice content for VTPR channels.

The left and right-hand graphs are for a tropical (wet) and a midlatitude

winter (dry) atmosphere , respectively (McClatchey et al., 1971). The verti-

cal scale applies to the l ower-most curves. The scales for other curves

are to be obtained by subtracting consecutively a factor of 0.2 such

that the horizonta l bar on each curve is zero,. Cloud infrared reflection

appears independent of the atmospheric profile . Its value increases

asymptotically with increasing cloud thickness. Cloud reflection arises

• 
. primarily from scattering of cloud particles. The single-scattering albedos 

-
•

are about the same for channels 4, 5, 6, and 8 resulting in similar re- 
-5

flection patterns. For channel 7, however , a higher single-scattering

-~~~ __;_
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albedo is derived (see Table 3.2). This results in larger reflection values

as evident in Figure 3.5. Note that reflection defined earlier includes

emission contribution from clouds , primarily the warmer cloud base. For

a 1 km thick cirrus, we see that the reflection value dlready reaches

about 0.4.

Figure 3.6 shows the spectral transmission of cirrus. As in

Figure 3.5, the vertical scale applies to the lower-most curves. The

scales for other curves are to be obtained by subtracting successfully a

factor of 0.2 such that the horizontal bar on each curve is 1. Cloud

infrared transmission decreases wi th increasing thickness and reaches a

value of about 0.3 for a cloud thickness of 5 km for channels 4-6 and 8.

As for channel 7, a cloud whose thickness is 5 km transmits about 43% of

the incident upwelling radiance owing to a larger single-scattering albedo

at a wavenumber of 535 cm~~. Inspection of the transmission curves m di-
cates a similar behavior for the CO2 and window channels. In particular ,

variations of the spectral transmission of CO2 channels for all the thick-

nesses presented here are less than about 3%. Even the transmission value

of the window channel does not vary by more than 10% with respect to those

of the CO 2 channels. Larger deviations are seen to take place for larger

thicknesses. Since cirrus clouds are not normally thick , we may , to a

good approximation , assume that the cloud transmission values are con-

stants for the CO2 and w indow channels.

In view of the spectral transmission defined in Eq. (3.6), we

may parameter i ze radiati ve trans fer processes in c loud l ayers and express
the upwe lling radiance at the top of the atmosphere in the form

37
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1

(T )T . (z b,O) + f0
bB1[T(z)Jd T.(zb,z)l

x T.C (z t,zb)T.(~,zt) + I B. [T(z ) ]d  T .(~ ,z ) .  (3 .7 )
1 1 1 1

Here the subscript t~v is replaced by 1, Z
b 

and Z t denote the cloud base

and top heights , respectively, and T5 is the surface temperature. The

first term represents the upwe lling radiance reaching the cloud base and

it is attenuated by the cloud and gases above the cloud subsequently, while

the second term denotes the absorption and emission contributions from gases

above the cloud . According to spectral transmission calculations reported

previously, Ti
c (i = 4,5,6 and 8) may be considered as one unknown para-

meter which is composed of the cloud ice content (or optical depth) infor-

mation . Thus , for overcast cirrus cloud cases, it seems feasible to con-

struct numerical procedures for recovering the cloud transmission (in terms

of ice content, for example) and , perhaps , temperature profile simultaneously

utilizing CO2 and w indow channe ls.

3.3.2 Upward radiances and possible ice content determination. The most

important quantity associated with satellite sensing of the atmosphere is

the upward radiance at the top of the atmosphere. Upward radiances are the

only information for the inference of the structure and composition of the

atmosphere.

Figure 3.7 shows graphs of upward radiances in VTPR channels as
functions of the zenith angle for various cloud ice contents in a tropical

atmosphere. For a given ice content value , it is clear that upward radiances

increase from channel 4 to channel 8 (note that upward radiances in channel

39 
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ZENITH ANGLE (dsg) 
. .Figure 3.7. Upward rad-iances at the top of the atmosphere in VTPR CO2 and windowchannels as functions of the zenith angle for various cloud ice con-

tents ranging from 14 to 112 gm m 2. The model atmosphere used in
calculations is a tropical profile.
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7 is not shown). This is probably due to decreasing absorption strength

from the CO2 band center to the wing. For an fce content of 112 qm

we see that upward radiances in channels 4-6 are about the same wi th pat-

terns close to isotropic radiation except in the limb . Upward radiances

in these channels show strong limb darkening effect for zenith angles

greater than about 30° or so. From 00 (nadir) to about 30° zenith angles ,

upward radiances do not vary appreciably. With respect to each channel ,

increasing the ice content of cirrus leads to a reduction of upward radi-

ances. This is particularly evident for channel 8. Physically, this

means that clouds affect more significantly radiance measurements in the

window channel as compared wi th the CO2 channels. Spectral transfer

calculations were also carried out for other climatological profiles

tabulated by McClatchey et al. (1971). These calculations reveal that

relationships between upward radiances and ice contents depend somewhat

on the atmospheric temperature profile, except for very large values of

ice contents which domi nate transfer processes.

In Figure 3.8, we present the upwe lling (nadir) radiance of

VTPR channels for two model cirrus cloudy atmospheres representing wet

(tropics) and dry (midlatitude winter) conditions , respectively. The

solid curves in this figure denote upwell ing radiances for clear columns.

For the tropical atmosphere, systematic reductions of the upwelling radi-

ance due to the increase of the ice contentare illustrated . In reference

to Figure 3.1 , it is seen that the peak of the weighting function for

channel 4 is located at about the position of cirrus clouds . Consequently,

even a thin cirrus produces a significant signature of radiance reduction .

In the water vapor rotational band (smaller wavenumber ) larger upwelling

41
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radiances arise from the behavior of the Planck function and the emission

from water vapor. The systematic reduction caused by the increase of ice

content is so distinct that the observed radiances obtained from VTPR •

channels in a completely cloudy atmosphere may be utilized to evaluate

the amount of ice within the field-of-view. This , of course, would rely

upon a firs t estimation of clear column radiances from available atmospheric

profiles. Upwe lling radiances in a midlatitude winter atmosphere exhibit

• similar reduction patterns , but their values are lower owinq to the l ower

• temperatures in the troposphere. Reouction values in cases when ice con-

tents are 84 and 112 gm n(2 are very close, revealing that the cloud is

reaching a black-body thermodynamic state.

Having the upward radiance calculated for a series of cirrus ice

content values in various model atmospheric profiles, the following proce-

dures seem feasible for the ice content determination . Assume that within

the field-of-view of VTPR channels there is 17 portion of cirrus cloudiness ,

the upward radiance in a partly cloudy atmosphere is given by Eq. (2.18)

in the form (~v -* i).

PC C NC
I i 

= 
~ + (l—n )I

~ 
(3.8)

5- -

It can be shown that for any two cloud-contaminated radiances at distinct

wavenumbers that

1
PC _ 1 NC 

/ J C
J

NC
1 1 / 1 1 _ -

~

~ 
PC

1 
NC / I~~~~~ I 

NC ’ ’

i+1 1+1 / 1+1 i+l
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where

< 1
PC 

< 1
NC 

~ = 4, 5, 6, 7, 8.
1 1 1

As mentioned previously, clear col umn radiances are to be

estimated. Estimation may be accomplished by empl oying available atmos—

pheric profile analyses such as those provided by NMC or from climatoloqy. - •

4 Although Eq. (3.9) now contains two unknown parameters I~~ and ~~~~ these

two variables are both functions of the ice content. Based on transfer

calculations , for a given ice content in a specified atmosphere , both

values may be deri ved- Upon inserting a series of ice content va l ues,

we may obtain a best estimate such that Eq. (3.9) holds . This procedure ;- -

can be carried out for pa irs of adjacent channels in which the optical

property of ice varies ins ignificantly. Consequently, each pair gives an

ice content estimation. By further inspection of these estimations , a final

value for ice content which satisfies all the channel observations could be

determined . This could be accomplished by examining the mean and standard ‘

deviation with respect to 1 according to Eq. (3 9) for all available channel -
•

observations. Once an ice content value has been chosen , 1~C is known and

from Eq. (3.8), the cloud cover information can be calculated. An averaged

value of i, may be subsequently obtained such that it satisfies all the channel

observations.

The above procedures were fol lowed for the three cirrus cloud cases

descri bed in section 3.2. The best ice content estimates that we obtained

were 10, 8, and 112 gm m 2 for 11 January , 1974, 1 February , 1974 and 22

January , 1975 , respectively, whereas the in-situ aircraft observations

gave 11 , 2 and 176 gm m 2, respectively. Since these are the only three

available cirrus cloud cases, it is not possible to perform signifi cant

44
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stat ist ical error analyses.

It should be emphasized that the semi -empirical method for ice

content estimation makes use of the results from transfer calculations and

assumes a prior knowledge of the clear col uri~i radiance. The latter assump—

tion relies upon reliable atmospheric profiles which are unknown in cloudy

conditions. Hence, the best estimation for the profile , which is needed ,

may lead to the uncertainty in the ice content determination. Nevertheless ,

the procedure described here, at least, represents an objective and workable

means for recovering cloud information from satellite sensing.

3.4 Conclusions

The infrared transfer model described in Section 2 was applied

to VTPR channels of the NOAA 4 satellite to simulate upward radiance at

the top of the atmosphere in cirrus cloud conditions. Avai lable transmit-

tances for each channel were employed and modified to incorporate them

into the spectral infrared transfer program. Comparisons between satellite , 
-

observed and theoretically simulated radiances reveal systematic agreement

• for selected cirrus cloud cases involving thin and thick cirrus , and thin

cirrus with stratocumu l us below . Theoretical calculations employ observed

atmospheric profiles from radiosondes , and the best estimated cloud para- 5’ 
-

meters from aircraft observations under the satellite pass. These compari- I -

sons give confidence in the theoretical model for the spectra l infrared

transfer in cloudy atmospheres .

Utilizing the spectral infrared transfer model , radiative proper-

ties of cirrus cloudy atmospheres in VTPR channels were investigated for

two model atmospheric profiles . The spectral transmission and re-

flection , defined as the ratios of the upwe lling radiance at the cloud
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bottom to that at the cloud top and to the downwelling radiance at the -

cloud bottom, respectively, were calculated. We show that effect of the 
-

atmospheric profile on cloud transmission and reflection is insignifi cant - -~

and that close resemblance of these two parameters is found for VTPR - 

j
channels 4-6 and 8. We further demonstrate that using the concept of 

-

cloud transmission it appears possibl e to parameterize complicated radi-

ative transfer processes through clouds .

Calculations of upward radiances were made for several model

cirrus cloudy atmospheres by varying the value of cloud ice content. For -

a given atmosphere, it is shown that the decrease of upward radiances is

closely related to the ice content of cirrus clouds. Systematic reduc-

tion patterns of the upwel ling radiance caused by the increase of the -

ice content are clearly illustrated for VTPR channels employing tropical -

and midlatitude atmospheric profiles. Finally, procedures are outlined - - -

for estimating the cirrus ice content in partly covered conditions. Em- -

ploying three cirrus cloud cases in which satellite observed radiances

are available , we demonstrate that the ice content and the amount of

cloud cover may be estimated objectively. 
- -
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SECTION 4

A~rLrCATION TO NIMBUS VI HIRS CHANNELS

4.1 Characteristics of HIRS Channels and Model Atmosphere

This section presents a method for cloud type and cloud mass

determi nation utilizing the High Resolution Infrared Sounder (HIRS) data

based upon parameterization of calculations from the spectral infrared

model described in Section 2. The Nimbus VI HIRS instrument is a third

generation infra red radiation sounder and is similar to the Infrared Tem-

perature Profile Radiometer (ITPR) on the Nimbus V Satellite . The instru-

ment scans perpendicular to the satellite subtrack. There are 42 scan

spots per scan line wi th a resolution of 23 km near nadir and 31 km at

the extremes of the scan. The Nimbus VI satellite was successfully launched

in June 1975. The fURS instrument had short periods during which all

channels were operating successfully. We have obtained a sample of good

data from Smi th (private communication). The data correspond to a period

of 20-30 August, 1975 and cover a geographical area from 80°-i 50°W and

20°-50°N. The HIRS instrument senses infrared radiation in 17 channels

which include 7 channel s in the 15 pm CO2 band , 5 channels in the 4.3 pm

CO2 band , water vapor channels at 6.8 pm , and 3 channels in windows at

11 pm , 3.68 pm and 0.69 pm.

The data we received were not corrected for solar radiation con-

tamination in the short wave channels. Refl ected sunlight has a pronounced

affect on channel 16, the short wave window , which , however , was not used
in the present analysis.
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The information compiled in Table 4.1 and Figure 4.1 are taken

froii~ Smith , et al . (1975). Figure 4.1 depicts weighting functions for the

channels in Table 4.1. The peak in this figure indicates the approxima te

location in the troposphere from which Its energy is derived . Only those

channels whose wei ghting functions peak below 100 nt would be substantially

affected by clouds .

Table 4.1. fURS channel characteristics .

Channel v(c m~~) ‘~ (pm) Principal Level of Maximum
Absorbers (weighting func-

tion (mb))

1 668 15.0 CO2 30
2 679 14.7 CO2 60
3 690 14.4 CO2 100
4 702 14.2 CO2 250 -

•
5 716 14.0 CO2 500 4

6 733 13.6 C02/H20 750
7 749 13.4 C02/H20 900

• 8 900 11.0 Window Surface

9 1224 8.2 h20 900
• 10 1496 6,7 H20 400

- 

11 2190 4.57 N20 
— — 

950
12 2212 4.52 N 20 850
13 2242 4.46 C02/N 2O 700
14 2275 4.40 C02/N 20 600
15 2357 4.24 CO2 5

16 2692 3.71 Window Surface

17 14.443 0.69 W Indow Surface
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Figure 4.1 The weighting functions of the HIRS channels.
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The model atmosphere used in the theoretical analysis was the

mid-latitude suniner atmosphere described by McClatchey et al., (1972).

Cloud types were restricted to middle (altostratus) and/or high (cirrus). . -

The model atmosphere was divided in such a way that it would coincide wi th

the 40 pressure l evels used in the clear column radiance program (CCR)

developed at NOAA/NESS , and suppl i ed to us for our use. The program

utilizes predetermined transmission profiles which can be adjusted as a

function of the atmospheric temperature profile used . It includes contri-

butions from all the major gases listed in Table 4.1. To further utilize

this predetermined vertical structure and facilitate the execution of the

cloud trans fer program , the base of the middle cloud was fixed at 700 mb and

the top of the high cloud was fi xed at 250 mb. The thicknesses of the high

and middle clouds were allowed to vary from 1.26 to 4.12 km and from 0.35

to 2.68 km. respectively in the theoretica l sensitivity analyses . Thus,

two distinct , realistic cloud layers, with changeable thicknesses , are

formed and the model is developed to utilize all the possible thickness

variations.

The single scattering parameters for altostratus and cirrus cloud

were calculated by using scattering computations for the central wavenumber

in each band. The cirrus cloud was assumed to be entirely ice and the alto -

• stratus cloud was assumed to be all water. Table 4.2 lists the optical pro-

perties of the ice cylinders . The real and imaginary parts of the index of

refraction are taken from the recent measurement by Schaaf and Williams (1973).

From Table 4.2 it is apoaren t that the real part of the index of refraction

increases with decreasing wavenumber and the Imaginary part decreases with

increasing wavenumber. The singl e scatter1n~ albedo is largest in the
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window channels (channels 16 and 8) and the extinction cross section is

greatest in the 15 pm band (channel 4-7). Table 4.2 also contains the

optical properties of the water droplets . The real and imaginary parts

of the index of refraction for each band were taken from Hale and Querry

(1973). From Table 4.2 it can be seen that the real part of the index

of refraction generally increases with increasing wavenunter and the

imaginary part decreases. The single scattering albedo is the largest

-~ at the largest wavenumber and the extinction cross section is the greatest

in the water vapor bands (channels 9 and 10). Only one calculation was

made for each of the CO
2 

bands since the real and imaginary parts of the

index of refraction vary slightly.

Table 4.2. Optical properties of cirrus and altostratus clouds . 
p

ICE WATER
Channel ‘

~~ (cm~~) ~
1r ~i ~o 

8ext (km~~) nr ~ ~o ~ext 
(km~~) 

- 

—

4 701.911
S 7l6.83~

1.556 .305 .533 1.464 1.193 .356 .442 13 .Q5
6 732.55

-5 -5 7

14 2274.63~ 5’

13 2244.21 [
1.299 .0218 .527 1.391 1.333 .0128 .719 13.82

12 22 11.97 1
11 2191.02 J
16 2691 .20 1.392 .007 .625 1.360 1.372 .00356 .867 13.58I! - 8 899.99 1.101 .280 .698 1.33 1.147 .105 .487 11.77

10 1508.29 1.316 .057 .51 1.326 1.332 .035 .619 14.69

9 1223.22 1.307 .04 .698 1.33 1.287 .035 .677 15.72
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4.2 Ratioin g of Upwelling Radiances: A Case Study on the Cloud
Thickness Estimation

For each channel , the theoretical model calculated upwel ling

clear column and cloudy radiances at the different scan angles of the fURS

instrument , given an atmosphere , cloud temperature and cloud composition

for each cloud type. In addition , for computational purposes the cloud

top height for the cirrus and the cloud base for the middl e cloud were

held constant. In the real atmosphere , the temperature profile is alway s

changing, the cloud compositi on is variable , and the location of the clouds

in the vertical is never constant. A method that will minimi ze the effects

of the model assumptions when parameterizing the real atmosphere is desir-

able. To minimi ze the computer requirements and redundancy in analysis

all the subsequent relationships were derived for a scan angl e of 0°.

These same relationships could be developed for any scan angle or range

of scan anges .

To minimize the model assumptions and to normalize the real data

for the model , the clear column radiances were divided into the cloudy ra-

diances for each channel . This ratio represents the relative reduction of

upwelling radiances due to the cloud effects in the atmosphere and the

quanti ty is dimensi onl ess. There are several advanta ges In working wi th

these ratios. Physically, the ratio will reduce the effect of the change

in atmospheric profile on the cloudy radiances. In addition , the degrada-

tlon of the ratio coupled with the peaking of the weighting function gives

an ininedlate indication of clouds at that level or above. Another advant-

age of the ratio technique Is that In addition to normalization between

different atmospheres, the effects of clouds on the ratio of each channel
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can be compared wi th other channels. In the subsequent analysis , channels

4-7 of 15 pm CO2 band , 11-14 of the 4.3 pm CO2 band , 8 at 11.11 pm in the

window , 9 in the 8.2 pm water vapor band and 10 in the 6.3 pm water vapor

band were utilized.

The theoretica l model was executed for cirrus thicknesses of 1 ,

2, 3, and 4 km for the case study described below. These ratios are plotted

in Figure 4.2 (solid lines). Examination of Figure 4.2 shows that cirrus

is transpa rent in the infrared spectrum. There is a successive decrease of

upwell ing radiances in all channels as cloud thicknesses increase. The

successive decrease of the ratios continues all the way to 4 km. Between

3 and 4 km the decrease in ratio in each channel is only slight indicating

• that near 4 km the cirrus cloud used in the model is becoming opaque to the

infrared radiation .

Comparison of the channels in Figure 4.2 gives a good indication

of the effects of clouds on upwelling radiances in different wavenumber

regions of the infrared spectrum relative to the peak of the channel ’s

weighting function . The ohysical factors that infl uence the ratio for a

given cloud type, cloud thickness and channe l could be determined from

ratios presented in Figure 4.2. In the present model , the cloud top is

constant at 250 mb. Using a 2 km cirrus as an example , the interaction of

these two physica l factors (the weighting function and the channel wavenumber)

are examined. The channels that are in the 15 pm CO
2 band show a decreasing

* 

ratio as the we ighting functions peak deeper in the a tmosphere. The same

decrease is noted in 4.3 pm CO2 channels but to a greater degree. This fact

would indica te a greater impact of clouds on shorter wavelengths. For

example , channel 7 ( peak at 900 mb) has a ratio nearly double that of

channel 12 (peak at 850 mb).
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There were 26 passes available in the 20-30 August, 1975, fURS

data set. Inspection of NOAA 4 mapped , norma li zed , and gridded mosaics

from the Very High Resolution Radiometer (VHRR) for this time period re-

veals one pass of particular interest. On 25 August a cirrus shield was

associated with a squall line near 4O°N in the central U.S. The corres-

• ponding I-fIRS pass was analyzed for cloud information at scan angles closest

to nadir. Figure 4.3 shows both the broad band visible channel (0.5-0.7 pm)

and the broad band window channel (10.5-12.5 pm).

To apply the theoretical results to the real HIRS data a method

had to be developed to reduce the cloudy radiances to ratios. The theo-

retical and the real data are assumed compatable since both atmospheres

are mid-latitude suniiier. To obtain a clear column radiance that is re-

presentative of a localized area, the fURS data was examined in conjunction

with the satellite pictures. The point chosen for the clear column

radiance (at about 38°N, 91°W) was then used to obtain the cloudy ratios

for that day. The point chosen has the same scan angl e as the cloudy

radiances.

In reference to Figure 4.3, we have selected a number of loca-

tions at about 40°N and 90°W along the satellite track for the inference

of cloud thickness based on the theoretical sensitivity analyses described

previously. Examinations of these cloud photographs as wel l as of synoptic

surface and 500 nt maps show that the cloud is cirrus with no low cloud

present below. Six scan radiance ratios are depicted in Figure 4.2. The

scan points at 38.7N/91.2W(v) and 38.7N/9l .6W(O) represent areas that are

close to the cirrus edge. Based on the comparisons with the theoretical
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Figure 4.3 NOAA 4 mosa i c for August 25, 1975 with the
visible channel on the top and the i nfra red
channel on the bottom .
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curves, thicknesses of 0.4 and 1 km were estimated . As the satellite scan

goes deeper into the cloud center, a thickness of greater than 4 km

(4O.lN/92.lW ,~) is obtained . Other scans further north under investiga-

tion indicate cirrus thicknesses on the order of 2 to 3 km as illustrated

• 
- 

by square, hexagon and black dot. Note that the resolution of HIRS in-

struments is approximately 23 km at nadir. From this case study it appears

that the fURS radiance ratios resemble reasonably wel l those calculated

from the theoretical analyses. The 4.3 and 15 pM CO2 channel behave

especially well. However, the water vapor channels show some non-system-

at-i c variation , perhaps owing to the use of the observed clear col umn - •

• radiance which arises f rom an atmosphere differing from cloudy cases.

4.3 Parameterization of Radiance Calculations from Cloudy Atmospheres

4.3.1 Cloud type determination. To utilize the theoretical results in

a real atmosphere, we first need to determine the vertical location of the

cloud in the atmosphere. This , in effect, will give a measure of the cloud

type. The theoretical calculations were carried out for cirrus thicknesses

of 1 , 2, 3, and 4 km and middle cloud thicknesses of 0.3, 0.5, 0.7, 1.0,

2.0, and 3.0 km. Examination of the upwel ling ratios shows that the

transparent quality of cirrus is evident in the infrared spectrum. There

is a successive decrease of upwelling radiances in all channels as the

cloud thicknesses Increase. The successive decrease of the ratios con-

tinues all the way to 4 km. Between 3 and 4 km the decrease in ratio

• in each channel is only slight Indicating that near 4 km the cirrus cloud

used in the model Is becoming opaque to the infrared radiation , and the
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cloud temperature now becomes Important in the transfer process. At

cirrus thicknesses greater than 4 km , the upwelling radiance is represent-

ative to the Planckian temperature of the cloud top. Analysis of middl e . -

- - cloud thickness indica tes the cloud mass becomes opaque between 2 and 3 km.

• This may be attributed to greater particle concentrations found in middle

clouds compared to cirrus clouds .

For the purpose of determining the cloud type from the theo-

retical data , the channels were rearranged in order of decreasing ratios

- - for a moderately thick cirrus. The rearrangement of the channels is

shown in Figure 4.4. Analysis of this figure shows the effects of wave-

number and weighting function peak. The long wave channel s 4-7 all have

greater ratios than the short wave channels 11-14 , even though they have
- ‘ 

similar weighting function peaks , which would indicate that the cloud

mass has more impact on shorter wavelengths. The l ocation of channel

14 between channels 5 and 6 would indicate tha t there is an overlap be-

tween the two CO2 bands depending on the weighting function peak. The

locations of channels 10 and 9 are according to weighting function peaks ,

with channel 10 having a higher ratio and a higher weighting function

peak than channel 9. The location of their ratios within the CO2 channel

ratios in the figure is due to the model atmosphere humidity profile.

By increasing the water vapor amount, there would be an Increase in

attenuation and thus a lower ratio. Conversely, a decrease in the water

“apor would decrease the attenuation and increase the ratio.

The radiance ratios and channel numbers shown in Figure 4.4

were fitted with a linear equation by means of regression analysis.
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Figure 4.4 The best straight lin e fit for four cirrus cloud
thicknesses (Part a) and for six midd le cloud
thicknesses (Part b).
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Part a is for cirrus clouds and Part b is for middle clouds . Each

straight line is labeled with the thickness it represents. The equa-

tion is for the form y = a1 R + a0 where y equals the num ber ass igned -

to the channel (see Figure 4.4) and R is the ratio for any given channel -

• and thickness. These parameters are defined by 
-

ZRy - FREy/n
_ j  J ia 1 —  2 2ZR - (ER) /n -

j  .:J -5

a0 = y - a1 R, (4. 2) -

3’ = Ey/n, (4.3) -

j

R = ZR/n , (4.4)j

and the square of the correlation coefficient of the linear regression

analysis is given by (see e.g., Panofsky and Brier, 1968)

[ZRy - ZRzy/nJ2 
.

- 

-

2 — j j . IA I~~r — 

2 2 2 2 ~~~ -~~~‘[Z R - (zR) In] [zy — (Zy ) /n]
.1 i j

In the equations the suni~ tions are for al l  1 1 channe l s. 
-

Table 4 .3  contains the slope , y -ln tercept, and r2 for each thick— . -

ness of cirrus and mi ddle clouds . Analy sis of the table shows that the cor-

relation (r2) is im.ich better In the cirrus case (0.96) when compared to the
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middl e cloud case (0.90). The decrease in correlation in the middle clouds

and the 1 km cirrus cases can be explained by the placement of the ratio of

channel 10. The original arrangement was done for a thick cirrus case

where the effects of the cirrus cloud mass on channel 10 were present . In

the middle cloud and 1 km cirrus cases there is no effect of the cloud mass

on channel 10. Therefore, the location of channel 10 in the fitting process

decreases the correlation for the 1 km cirrus and the mi ddle cloud cases.

The linear fit developed here will be used when parameterizing actual HIRS

data in the next section . Another important thing to note in this analysis

is that the magnitude of the slope is greater than the magn i tude of the y-

intercept for all cirrus thicknesses and the reverse is true for mi ddle

clouds. This fact will be used in subsequent analysis to distinguish be-

tween mi ddle and cirrus clouds.

Table 4.3. Slope, y-intercept , and correlation coefficient
Squared for several cloud thickness for cirrus
(part a) and mi ddle (part b) clouds .

Part a (cirrus clouds)

Thi ckness (km )
1 2 3 4

slope -21.75 -16.82 -14.79 -13.94
y-intercept 21 .69 15.70 13.68 12.84
r2 .872 .968 .977 .977

Part b (middle clouds)

Thickness (km)
.3 .5 .7 1. 2. 3.

slope -22.78 -19.80 -18.80 -18.10 -17.50 -17.50
y-intercept 23.56 20.70 19.70 18.80 18.10 18.10

r2 .904 .925 .925 .913 .906 .906
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-5 4.3.2 Ice and water content determination . A measure of liquid water —

and ice conten t distribution over the planet is important to many areas of

meteorology. These include the initialization of numerical models to in-

crease long term forecast accuracy and the study of global circulation and

climatic change models. From the theoretical calculations , each cloud

thickness is representative of a cloud mass since only one drop size dis-

tribution was used for water clouds and only one particle concentration

was used for ice clouds . For water clouds a liquid water content of

0.15 gm m 3 was assumed , and for ice clouds an ice conten t of 0.0283 qm m 3

was used .

The recovery of liquid water and ice content from the fitted

ratios is possible by knowing within certain limi ts the theoretical mass
• p_ ~~ 

-

of the cloud for which the ratios are being calculated. rn the cirrus cloud

ca se, it was found that for a cloud mass of less than 28.3 qm m 2 the cor-

relation coefficient decreased significantly below 95 percent and the

ratios could no longer be fit with a straight line. This was also true

for middle clouds with a mass of less than 45 gm m~
2. Thick middle clouds

(greater than 390 qm m 2) had the same ratios as the 300 gm m 2 (2 km

thickness) cloud. This would indicate that the cloud mass is a black

body and all the energy from below is absorbed by the cloud layer and

reradiated. The 113.2 gm m~
2 (4 km thick) cirrus still seems to be

somewhat transparent, but this cloud mass was near the maximu m that could

• be handled by the theoretical model.

To recover ice or water content from the parameterizations of

the theoretical radiance ratios , the slopes and y-intercepts for the two

cloud types could be fit by a least square logarithmi c function that is

given for the slope by

_ _ _ _ _ _  - -  
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a 1 = c1 + c2 in ~z (4.6)

and for the y-intercept by

a0 = c3 + c4 in ~z, (4.7)

where ~z is the thickness of the ice or water cloud , and c1, c2, c3, and
• c4 are constants to be determined for each set of slopes and y-intercepts .

For the slope a1, we have

E(a 1ln ~z) — Elnt~zEa 1/n
C = 2 ~ 1

2 (4.8)
~ Z(1n~z) — (Z ln~tz) In

i -i

c2 = 
~
j- (~a1 — c1~ln~z ) .  (4.9)

These equations are deri ved by substitution of the natural logarithm of

the thickness for R,and a1 for y in Eqs. (4.1) and (4.2). The square of

the correlation coefficient is given by

[Ea 1 ln~z — Zln~z Ea1/n]
2

2 = I ‘ I i ‘ , ,~~ ~~~~r .-, ~~~~~~~~~[E(ln~z)~ - ( z ln ~z)~/nJ [Ea 1~ - (za 1)~/n]I i I I

which is again a direct substitution into Eq. (4.6). The y-intercept, C3,

c4 and r2 can be calculated by substituting a0 for a1 in Eqs. (4.8) -

(4.10). The sumation is over six cloud thicknesses for mi ddl e clouds

and over four cloud thicknesses for cirrus .

Using the data from Table 4.3, the slopes and y-intercepts were

fitted for each cloud type. The resulting fits are shown in Figure 4.5
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Figure 4.5 Best fit of y--ln tercept (top) and slope (bottom)
for six middle cloud thicknesses .
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for middle clouds and Figure 4.6 for cirrus cloud . For middle clouds c1

and c2 are equal to -18.53 and 3.007, respectively, wi th the correlation

coefficient of 0.984, while c3 and c4 equal 19.19 and -4.089 with a cor-

relation coefficient of 0.960. For the cirrus case the values of c1, c2,

c3, an d c4 are -21 .40, 5.75, 21.19, and -6.526, respectively. The constants

c1 and c2 and a correlation coefficient of 0 988 and c3 and c4 had a cor-

relation of 0.983.

Upon substituting a1 an d a2 in Eqs. (4.6) and (4.7) into Eq.

(4.2), the thickness of any middle or high cloud is gi ven by

= exp {(~-R~c1 
- c3)/(c2~ + c4)], (4.11)

The cloud mass Is then derived by multip lyina the cloud thickness expressed

in km by 28.3 gm m 2 for cirrus cloud and 1.5 x 102 gm m 2 km 1 for mi ddle

clouds .

4.4 Data Description and Selection

The method to determine cloud type and ice or water content

deve lo ped in the previous section was applied to a selected set of

Nimbus VI High Resol ution Infrared Sounder (HIRS ) data . The resul ts 
- 

p

of this application were compared to the Air Force Three Dimensional -- .

Nephanalysis ( 3DNEPH ) and satellite cloud pictures since these were

the only source of consistent cloud information availa ble on a routine

basis.

4.4.1 The three-dimensional nephanalysis data. The Three—Dimensional
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FIgure 4.6 Best fit of y-intercept (top) and slope (bottom)
for four cirrus c loud thic knesses .
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Nephanalysis (3DNEPH) program was developed at the Air Force Global

• Weather Central (AFGWC) to incorporate the tremendous quantity of

sate llit e sensed clou d data and conven tionall y sensed meteorolo gica l

parameters into a three-dimensiona l cloud model of the atmosphere.

Basic to the design of the 3DNEPH is the assumption that satellite

- 1 information is available for its data base in a timely manner. However,

in the event that satellite data is not available , the 3DNEPH has the cap-

ability of extrapolating past analysis until such t ime as satellite data

does become available.

The 3DNEPH program is built as a series of input processors.

These processors incl ude the surface data processor , radiosonde obser-

vation (RAOB) processor, aircraft data processor , manual data processor,

dec i sion tree processor , satellite video data processor, satellite in-

frared data processor, final processor, forecas t processor , verification
processor , an d di spl ay processor. Because of the modular  na ture of the
3DNEPH program, processors can be added to or deleted from the system 

- 1
wi th a minimum of programming probl ems. Descriptions and functions of

each of the p rocessors can be foun d in the AFGWC Techn ica l Memoran dum

71-2 by Coburn (1971).

The horizontal resolution of the 3DNEPH program is limi ted by - •
the resolution , and mapping and gridding accuracy of the input satellite

data. The hemispheric grid chosen for the 3DPIEPH, which was compatible

wi th the accuracy of its input satellite data , was a 512 x 512 array cen-

tered at the north (south) pole of a polar stereographic map and having

a distance between grid points of 40 km at 60° latitude. This 512 x 512
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grid was further subdivided into 64 squares (boxes) so that the finest

mesh was 4096 grid points over each hemisphere. Once again , each grid

po int contains information representative of a 40 km square centered at

the grid point when at 600 latItude. The vertical resolution of the

3DNEPH program divides the atmosphere into 15 l ayers. The first six lay -

ers are terrain following layers and the last nine l ayers are categorized

in feet above mean sea l evel (MSL). In addition to the information given

for cloud amounts -In the layers, seven additional pieces of data are given

at each point. These data denote information about the cloud types,

maximum tops and minimum bases, the current weather and the total cloud
I

cover.

The use of the 3DNEPH as a source of comparison to the technique

developed here has many shortcomings . These problems include timeliness,

layer resolution, dependence on subjective observations , and the horizon-

tal spreading of the data. The 3ONEPH was used as a comparison , however,

since no other known source containing the routine analysis of cloud

para meters is availabl e.

The ever-changing cloud scene at a point makes the timeliness of

the 3DNEPH and the HIRS data very important. The 3DNEPH Is produced every

three hours , and if there Is no new data for an update, the previous an-

al ys i s or a cloud forecast Is used for the new ana lys is. Th is probl em i s

min imized s ince we are cons ider in g overcas t cases In whi ch the clou d scene

• at a point will probably not change significantly over a short period of

time.

A second problem area is the la yer resolu tion of the 3DNE PH .
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The resolution can be as poor as 4000 feet for middle cloud layers and

as thick as 20,000 feet for high cloud layers. If a thin l ayer of cloud

is reported to be in one of the layers, the model must automatically

fill the entire layer wi th clouds . As noted earlier , an error of 4,000

ft (1.2 km) is one-half of the thickness of middle cloud that can be de-

tected by the theoretical model. In the case of cirrus clouds , a 20,000

ft error is equivalent to 6.1 km, a greater thickness than the model can

handle. This large error can be somewhat offset when the maximum cloud

top parameter is considered . At middle and high cloud top levels , the

coding for this parameter is accurate to 5,000 ft or 1.5 km. For lower

middle cloud tops, this parameter is accurate to 1 ,000 ft or 0.3 km.

The use of subjective weather observations plays an important

role in the accuracy of the 3DNEPH clouds. If there is no current

satellite data, the cloud top cannot be determined and persistence

prevails , and the cloud thickness is over or under-estimated . Another

case would be when satellite data is availabl e but no surface observation

is present (over oceans). Here, the satellite can determine the cloud top

height only, and no i nformation about the cloud depth can be determi ned .

Another problem is that surface observations are spread horizon-

-5 
tally. The 3DNEPH grid point represents a 40 km box at 60°N. If there

is no current satellite data and the observation network is not at a 40

km resolution , some influence of the surface observation is spread to

adjacent points in the 3DNEPH. This can be seen by examining an area - -

of 3DNEPH data where the cloud thickness will be constant over a large

area. Steps taken to minimize these problem areas will be discussed

below.
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4.4.2 High resolution infrared sounder data. HIRS data is routinely

• processed at NOAA/NESS and is available on nine-track , 1600 bpi tapes.

The data is packed in such a way that six or seven orbits are available

on each tape. These tapes contain l ocated and calibrated radiance values

for all 17 channels. The Nimbus VI User ’s Guide gives a detailed explan-

• ation of the cal i bration procedure used on the radiance measurements in

each channel . The resolution of the HIRS data decreases with increasing

- - scan angle. This decrease in resolution of a scan spot is from approxi-

mately 23 km at nadir to 31 km at a scan angle of 36.9°.

The data set used in this analysis was for 20-30 August 1975,

a time when all channels of the HIRS instrument were operating properly.

Fur ther , it was required to have data over North America since the corn-

parison was being used wi th the 3DNEPH which depends heavily upon good

surface observations. We therefore requested data from 200_550 N and

800_1500 W whi ch i nclude s both l an d an d ocean areas. To further com-

plicate the data selection, examination of satellite photographs m di-

cated a general lack of middle and high clouds over this region for this

time period except In areas north of 400 N. As a resul t, all of the data

used in the analysis are along a storm track nor th of 400 N.
A total of 26 passes were provided in the data set of which

five were analyzed for cloud information at the two scan angles closest

to nadir. To check consistency of the data from channel to channel

wi thin a pass , the five passes used in the analysis were displayed by

using an overprinting technique to simulate grey shading on the line

printer. Al l the passes used In subsequent ana lyses were overprinted

to verify the FURS data by comparing the overprints with surface analysis
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and NOAA satellite visible and infrared mosaic.

The basic cri teria for the selection of 3DNEPH data for compari-

son with the FURS data was the reliability of the 3DNEPH data. This

criteria dictated that data be chosen where the 3DNEPH had good surface

data as well as satellite data. Additionally, the areas of i nterest

• must be in the presence of synoptic scale weather so that continuous

cloud decks would be insured . The use of HIRS data points at or near

nadir would insure the least amount of error in applying the real data

to the theoretical calculations , since the fitting of the theoretical

upwelling radiances to different scan angles would be most accurate at

nadir.
Based on these criteria , five passes on five consecutive days

were chosen for this comparison . These days included August 21 through

August 25, 1975. The pass on each day that included Western North America

and was closest to a 3DNEPH analysis time was used . Nimbus VI has an

approximate equator crossing at 1000 local time on its ascending pass and

corresponds to an 1800Z (GMT ) analysis time for the 3DNEPH . Box number

44 of the 3DNEPH covers this area and has the fol lowing latitudes and

longitudes for the upper left , upper right , lower left and lower right ,

respectively, 52%, l25°W , 62°N, 80°W, 31°N, 1060W , and 36°N, 8O°W.

Inspection of satellite pictures on these five days show that all the

clouds are north of 40°N and a majority of them are north of 45°N.

Hence, all the points used in the comparison are at these latitudes.

A clear column radiance representative of the pertinent area

• was chosen using the satellite pictures in conjunction wi th the FURS
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data for each day under investigation. These clear column radiances were

used to reduce the cloudy radiances to ratios as was discussed in a pre-

vious section. Note that both theoretical calculations and the real data

are for mid-latitude summer conditions.

The colocation of the FURS data with the 3DNEPH was accomplished

using the latitude and longitude from the HIRS data . These quantities

were then converted to 3DNEPH grid location. Since this location is never

an exact 3DNEPH point, the 3DNEPH point used for the comparison was that

point closest to the calculated grid location.

4.5 Cloud Type and Mass Determination from FURS Data

4.5.1 Cloud type. All of the HIRS data applied to the theoretically

based empirical relationships are from the cloudy areas, north of 40°N.

The slope and y-intercept of each case were calculated . The cases wi th the

• magnitude of the slope greater than the magnitude of the y-intercept were

assumed to be cirrus clouds . The cases with the magnitude of the y-inter-

cept greater than the magnitude of the slope were assumed to be middle or

lower clouds. These cases were then examined in conjunction wi th the IR

pictures. In all cases, the empiri cally derived relationships that were - ,- 
-

based on the theoretical model indica ted the proper cloud type. —

The theoretical empirical model indicated the presence of middle -:

clouds in the vicinity of 52°N, 115°W to 43%, lO O0W on August 21. Exam-

ination of the IR picture not shown here verifies the presence of lower

clouds in this area. For August 22, the model indicated a mixture of ci r rus

and lower clouds from 52014, l04°W to 49°N , 102°W and then extensive lower

clouds to 430N, 990W. This same pattern can be noted by examining Figure 4.7.
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In the vicinity of 50°N the IR picture shows an area of some cirrus clouds

and some wa rmer lower clouds. South of 49°N there are only lower clouds in

the IR picture of Figure 4.7. It also indicates little cloud south of 43~11.

One of the clear points in this area was used for the clear column radiance

in the ratioing for this day. The IR picture for August 23 (not shown here)

• indicates extensive cirrus on the subtrack of the satellite from 53°M, 1200W

to 42°N, ll5°W. The model shows all cirrus clouds in this area except for

the indication of some middle clouds near 53°N. Further examination of the

IR picture on this day reveals some breaks in the cirrus cloud in this

area . On August 24, cirrus  was again indicated from 52°N, l09°W to 48°W ,

106°W and middle clouds were present south of 47°N. Exami nation of the

satellite picture for that day not shown here verifies this analysis. The

clear column radiance for this day was taken from an area just south of

47°N along the subtrack of the satellite . The model analyzed middle clouds

from 53°N, 97.5°W to 47°N, 945°W and cirrus clouds from 44%, 93°W to 3~°N,

9L7°W for August 25. This again is represented wel l on the IR picture of

Figure 4.3. The clear column radiance for this day was from near 38°N —

and 91°W. The ice and liquid water content for this pass along with the

pass for August 22 are mapped in a subsequent section.

4.2 Cloud mass. To determine the cloud mass the data described in

the previous section was divided i nto middle and high clouds . The 3PNFPF-l

points that correspond to these data cases were then selected from Box

44 of the 3DNEPH at l800Z for the five days analyzed . In all cases the

3DNEPH indicated lower clouds below the cirrus or middl e cloud . This

indicates one of the basic problems discussed earl ier about the 31)NEPH,
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Figure 4.7 NOAA 4 mosaic for August 22 , 1975 wi th the
visible channel on the top and the infrared
channel on the bottom .
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that with only surface analysis the cloud top is over estimated and with

only satellite data the cloud base is l ower than it should be, so that

the error can be greater than the thickness of the cloud . It is virtually

impossible to correct this problem without instrumentation that can see

• through clouds. In addition , the spreading of an observation to many

3DNEPH points tends to smooth the area out so that cloud thicknesses are

constant over large areas. To minimi ze these problems , the 3flNEPH cloud

thickness data were used as either cirrus or middle cloud . As noted

earlier , this would not affect the ice and water content calculation

significantly because middle cloud in the presence of thin cirrus has

the same appearance as moderately thick cirrus . The effect of lower

clouds on middle cloud ratios remained virtually unchanged when comparing

the slopes and y-intercepts derived from the empirical-theoretical approach.

The 3DNEPH thicknesses were parameterized by assumi nci that the

actual base of the cloud corresponded to the theoretical base of the cloud .

This was 3.1 km for middle cloud and 6.7 km for cirrus clouds. The cloud

thickness in the middle cloud case was then obtained by adding the terrain

height to the middle cloud base and subtracting this from the l ayer top

or the maximum cloud top parameter . This was then multiplied by 1 5  x

io2 gm m 2 km~ to obtain the liquid water content. The cirrus cloud thick-

ness was obtai ned by subtracting 6.7 km from the height of the top of the

• l ayer containing clouds or the maximum top parameter whichever was smaller.

This result was then multiplied by 28.3 gm m 2 km~ to obtain the ice

content. This should minimize as much as possible the thickness grouping

in the 3DNEPH .

Figure 4.8 is a graph comparing the model ice and liquid water
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contents wi th the 3DNEPH derived ice and water contents . Part a of the

graph is for middle cloud cases and part b is for cirrus cloud cases.

In both parts, both the 3DNEPH and the theoretical -empirica l relation -

ships indicated middle or cirrus clouds. The ordinate Is for the 3PNEPH

and is labeled in both thickness and equival ent ice or liquid water con-

tent based on the ice and liquid water contents used in the theoretical

calculations. The abscissa is for the empirical-theoretical calculations

and is also labeled in thickness and equiyalent liquid water content for

part a and equival ent ice content for part b.

Comparison of the 3DNEPH derived water contents in Figure 4.8

wi th the empirically derived theoretical water contents is somewhat van -

able. Al though the linear relationship desired -Is not present some

correlation can be noted . The data points -In the comparison primarily —

occur at four 3DNEPH thicknessess whi le the model derived water contents

covered a wide range. This grouping is present since the 3DNEPH has

only four middle cloud l ayers in its data base. The further parameter-i za-

tions done to the 3ONEPH in this analysi s made 4t possible to increase

the number of water contents that could he obtained from the 3DNEPI-1 . The

error range of the comparisons for part a of Figure 4.8 is up to 2.25 x

102 gm m 2. Analysis of Figure 4.8 also indicates the grouping of the

3DNEPH data at basically three ice content values although the range

from the empirical -theoretical calculat ions vary widely over a given

3DNEPH value. The error range in Figure 4.8 is as much as 84.Q gm m~~.

We note that there appears to be some agreement between the two independent

methods of computing cloud ice or liq uid water content.

The above comparisons point out the simple fact that new methods
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Figure 4.8 Comparison of 3DNEPH middle cloud water content
with empirical-theoretical middle cloud water
content from FURS in Part a and comparison of
3DNEPH cirrus cloud ice content with empirical -
theoretica l cirru s ice content from HIRS in
Part b.
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for determining cloud structures from satellite data cannot be properly

verified with the current data bases th3t are available. The cloud tyninci

derived in this analysis can be compared with simultaneous cloud photo-

graphs and these comparisons appear to be good -in light of discussions —

in the previous section . The verification of ice and liquid water content -

will require wel l planned and controlled measurements of cloud structures 
-

within the satellite field-of-view . With this type of verification , it

• will be possibl e to reformulate parametenizations of theoretical calcula - 
-

tions to improve the accuracy of these estimates of cloud compositions.

Until this can be accomplished , the use of theoretical-empirical relation -

ships should prove to be more accurate than purely statistical methods.

4.5.3 Cloud moisture mapping . The use of the panameterizations described

in the previous section and applied to FURS data in this section can be used -

to map ice and water content of middle and cirrus clouds. To perform this

mapping on a global scale over l ong periods of time would he the desired

result. However, to accomplish this on a routine basis would necuire the

availability of global satellite data and a large block of dedicated corn- 
-

puter time. In this section , portions of two orbits over central l1,Iorth
p

America are mapped to illustrate the concept . - 
-

The maps used for these projects are polar stereographic and

it is therefore possible to compare rather easily to NflA4 4 satellite

pictures . In each of the cases the clear column radiance at satellite - -

nadir was used to perform the ratioing over ten scan spots on each side .

of nadir. Beyond these scan angles a clear column radiance represen-

tative of a large scan angle should be used to perform the ratioing to

derive the amount of li quid water or ice content.
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As noted earlier , the slope and y-intercept of the linear fit

determine whether middle or high clouds are present. If the magnitude

of the slope is greater than the y-intercept cirrus cloud is assumed .

A further criterion established for mapping was to elimi nate data points
* where the magnitude of the slope was greater than 25, or the correlation

coefficient was less than 0.70. After comparing many cases of actua l data

- 
- with theoretical calculations, we found that cases that do not meet the

above criterion were low cloud which were not addressed in this study.

For passes on August 22 and August 25, the latitudes and lonai-

tudes of the data points that met the above criterion were plotted on the

polar projection and then analyzed . In both cases the cirrus and middle

cloud are mapped on the same figure . The isol i nes are labeled with verti-

cal ice or liquid water content based on the constants derived from para-

- - metenizations of the theoretical calculations . The solid lines are isol i nes

of middle cloud , dashed lines are for cirrus cloud and the darker lines are

separation of middl e  and high cloud analysis.

The analysis for August 22 shows two areas of overcast conditions

under the satellite . The northern area is over southern Canada and extreme

northern Montana and North Dakota and is characterized by both middle and p 
-
~

h igh  clouds . Since the data is cut off to the north , east and west , the

analysis shows sharp break points in these directions . NflI~I~ 4 pictures

indicate that the southern cloud areas analyzed for this nass have little

cirrus cloud present which is in agreement wi th the present analysis. The

theoretical analysis also shows middle cloud less than 1 km thick both south

of the northern area and north of the southern area of clouds.

Analysis of the figure for August 25 shows a similar set of two
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Fi gure 4.9 Cloud ice and water content based on empiric al-
theoretical calculations for August 22, 1975.
Dotted lines are for cirrus clouds (gm rn-2) and
solid lines are for middle clouds (gm m 2). The
heavy line Is the cloud boundaries .
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Figure 4.10 Cloud ice and water content based on empirical-
theoretical calculations for August 25, l~75.
Dotted li nes are for ci rrus clouds ( gm m ) ~nd
solid lines are for middle clouds (gm rn 2). The
heavy line is the cloud boundaries.
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distinct cloud areas. The southern area is the cirrus on top of an active

area of thunderstorms and the sharp southern edge of this cloud mass cor-

responds very well to the NOAA 4 pictur e . The northern cloud mass is

dominated by middle cloud wi th some cirrus on the southwest side . This

again agrees well with the NOAA 4 satellite picture. On the southern

edge of the northern cloud mass the middle cloud thicknessess fall off

very rapidly on the picture and the mapping .

With proper verification , the use of this technique on a global

scale is feasible. Proper verification , as noted in the previous section ,

would require the use of cloud physics measurements in the satellite field-

of-view . These types of measurements would be required in a variety of

atmospheric conditions . The method presented here seems to lend itsel f to

real time analysis since the computer time requirement has been minimized

by the empirical parameterizations. In addition the ratloing has decreased

the effect of the real atmosphere on the cloud moisture determination . The

effects of middle clouds with colder temperatures than those used in the

theoretical calculations are taken into account since colder clouds renre-

sent clouds thicker than the model can handle and middle clouds usui~llv

build from the base. It should be noted that only the clii ~Iatologica I hild-

latitude sununer atmospheric profiles were used In theoretical analyses .

The technique developed here when compared to microwave tech-

niques has both advantages and disadvantages . Two advantages are the

higher resolution of the HIRS instrument when compared to the Nimbus

VI SCAMS Instrument and the detection of cirrus clouds that are trans-

parent In the microwave portion of the spectrum. Another advantage of

this technique is that it can be appl i ed over both land and oceans, while
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microwave i nterpretation of clouds is restricted to oceans because of

- 
- the change of land emissivity . Disadvantages of this technique when

compared to microwave include the opacity of water clouds in the infra-

red portion of the spectrum and the sensitivity of the technique to the

water cloud temperature. By combining infrared and microwave measurements

along wi th the proper cloud physics verification data , operationally

significant recovery of cloud parameters from satellite data appears

feasible.

4.6 Conclus ions

• A theoretical model that calculates transfer of spectral infra-

- - red radia t ion based on the discrete-ordinate method developed in Section

2 was modified to include cirrus and middle clouds and absorbing gases.

This analysis used one model atmosphere and one middle and high cloud

type for all calculations. The top of the cirrus cloud and the base of

the middle cloud were held constant to minimi ze computer time . The

layers in the transfer computations were assumed to have constant temper-

atures so that the effects of the change in cloud thickness on the up-

welling radiance could be studied . Various thicknesses and combinations

of middle and cirrus clouds were used in the analysis. This model was

then applied to the HIRS channels of the Nimbus VI satellite . A case

study using the actual FURS radiance data shows that it is feasible to

estimate the cirrus cloud thickness employing the combination of infrared

channel s wi th the assistance of IR and visibl e cloud pictures from the

NOAA IV satellite .

The theoretical calculations of upwelling radiance were divid-

ed by their clear column radlances to give a ratio for each channel in
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which the atmospheric temperature effect was minimized . These ratios

were then fitted with a straight line for each theoretical cloud thick-

ness for both cirrus and middle clouds . It was found that cases where

the slope was greater than the magnitude of the y-intercept derived from

transfer calculations corresponded to the cirrus clouds. The reverse *

of the slope and y-intercept relation corresponded to middle clouds or

lower clouds. The resulting slopes and y-intercepts for different cloud

thicknesses for the two cloud types were then fitted wi th a logarithmic

function. This made it possibl e to infer ice and water content in the

case of high and middle cloud~, respectively, for a given thickness based

on the theoretical calculations .

These theoretical parameterizations were appl ied to five days of

HIRS data . The empirical parameterizat-f on method appears to be successful

in identifying high and middle clouds. The resulting cloud ice and liquid

water contents were compared to the 3DNEPH to indicate whether this tech-

nique could be applied in an operational mode. It was found that the

comparisons wi th the 3DNEPH were marginal . This can be traced to the

3DNEPH and the methods used to determi ne cloud thicknesses as well as

approximations in the theoretical calculations and the parameterization

of these calculations. Two days of ice and water content for actual

HIRS data were then mapped . These results were good when comparing the

resulting maps wi th the corresponding NOAA IV infrared and visible satel -

lite pictures . - 
-

The technique developed in this report is ideally suited to

enhance the cloud parameterizations in the 3DNEPH . As noted earlier

the 3DNEPH is a modular program that processes all kinds of meteorological
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data. The only satellite data that is currently used is broad band visible

and infrared channels of a NOAA 4 type scanning radiometer. The addition

of this technique would use satellite data that is not in current use

for cloud detection and it would give valuable input into the final re-

sults . Since the 3DNEPH is a routinely produced product , much of the

• software required to implement th is  procedure is already in existence

and the operational development could be carried out independently of

3DNEPH production. As noted earlier the resolutions of the HIRS and the

3DNEPH are similar so that in an operational implementation the 3DNEPH

could be used to further verify the technique .

Al though an objective way of deriving cloud type information and

cloud ice or water content has been illustrated in this analysis , a more

reliable method of verification must be found . However, verification of

satellite sensing techniques requires carefully designed field experiments

- 
-5 in which highly reliable cloud parameters could be obtai ned under the

satellite pass. With sufficient cases from which cloud parameters may

be derived locally, intercomparisons wi th satellite derived values may

be carried out to establish the statistical significance of this techni -

que to parame ter i ze satel lite measurements .
p 
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Remote Sensing of the Thickness and Composition of Cirrus
Clouds from Satellites
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Department of Meteorology, Un iversity of Utah , Salt Lake Cii S-/liZ

(Manuscript received 5 March 1976, in revised form 14 December 1976)

ABSTRAcT
A retrieval technique is presented for the determination of the surface temperature , t he thickness and

transn’issivity of cirrus clouds, and the fraction of the cirrus cloudiness Its- means of four ul,served upwelling
radianccs in the 10 ~~ window region. On the basis of radiative transfer calculations for mean wavenumbers
of 900, 950, 1100 an d 1150 cm ’, assumptions are made in the theoretical retrieval analyses that water vapor
effects above cirrus clouds are negligible and that ratios of the transmissivitics are linear functions of the
cloud thickness. Error analyses employing climatological data reveal that independent random errors in
temperature and humidity profiles introduce insignificant errors in the four resulting parameters. The result-
ing errors caused by random errors in the expected upwelling radiances, however , depend upon their standard
deviations. Once the thickness and the transmissivity at a given wavenumber of a cirrus cloud have been
determined, we illustrate that the vertical ice content may be estimated assuming that ice particles are
randomly oriented in a horizontal plane.

1. Introduction two different zenith angles for the determination of
temperature profiles in the presence of clouds. BothCirrus clouds have been noted to introduce serious of these two important studies concerning the remotedifficulties in remote sensing of atmospheric tempera- -

ture and humidity profiles and surface conditions, 
sensing of cloudy atmospheres involved attempts to
remove the cloud effect rather than to incorporateowing to their semi-transparent appearance in the 
it into the radiative transfer equation.visible as well as in the infrared region. It is extremely Cirrus clouds consist of non-spherical ice crystalsimportant, therefore, to derive the reliable and ac- of various sizes , possibly randomly oriented in a hori-curate radiation properties of cirrus clouds from an zontal plane. Other unknown variables include theindependent set of sounding frequencies in conjunc- ice-crystal concentration, the cloud thickness and thetion with the atmospheric parameter evaluation, location of the cloud in the atmosphere. Moreover,Moreover, determination of the vertical ice content for a g iven upwellirig radiance at the satellite point

over the global atmosphere is equally important from of view, there will be additional unknown variablesthe point of view of climatology studies and, perhaps, associated with the atmospheric temperature andnumerical weather prediction. gaseous profiles. In view of a large number of un-
The paper by Houghton and Hunt (1971) ap- known variables, parameterization equations describing

parently was the first one to explore the passive the radiation field of an atmosphere containing cirrus
remote sensing possibility of ice clouds by means of clouds have to be formulated. Retrieval of the Un-
two wavelengths in the far infrared. Liou (1974) known parameters, each of which may represent a
discussed emission and transmission properties of cirrus combination of several variables, may be carried out
clouds in the 10 ~m window region in conjunction from satellite radiance observations.
with the remote sensing potential from satellites. In this paper, I would like to present some hypo-
Bunting and Conover (1974) proposed a simple means thetical analyses and calculations concerning the de-
for the estimation of the vertical ice content of cirrus termination of the structure and composition of cirrus
clouds assuming the exponential attenuation of IR clouds from a set of synthetic radiance observations
radiation. in the window region.• With respect to the atmospheric parameter deter-
mination, Chahine (1974) presented a numerical 2. Theoretical analyses
met hod to derive vertical temperature profiles in We assume that within the l eld of view of t~c
cloudy atmospheres by means of radiances obtained satellite radiometer the atmosphere contains ‘i portion
from two partially overlapping fields of view. Taylor of cloudiness. The monochnruatic upwelling radiance
(1974) described an approach employing soundings at measured by the satel lite radiometer at the top of a
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%~~(0.Z) (.rgcm~ .s.c ’ •st .rad ’ • (cm ’T’) In Eqs. (3)—(3), T1 is the surface temperature,
20 40 60 10 100 ,, the transmission function of gases which will be

discussed later , and the Pianck function in the
wavenumber domain is

I 0 •
B. (T)= a v3/ (e~~’T — 1 ) ,  (6)

with a 1.1272X 1O~ erg cn~
2 s~~ and b= I .4389 cm 1~.

It should be noted that 1 ,(z ,) in Eqs. (3) and (4)

~ 
.....i 

1974).

must be evaluated from the transfer equation including
absorption , emission and scattering of gases and cloud
particles subject to the radiation boundary conditions
of the top and base of the cloud concerned (Liou .

0
Cirrus clouds are normally fairl y high in the atmo-

sphere with their top heights on the order of LU km
or higher. Thus, we may select spectral channels in

10 — •50cm ’ the window region where the effect of water vapor-— 950cm ’ TROPICSE 
-- 

1150cm ’ absorption above the cirrus cloud la er can be ne-
glected such thatN

/ B [ T(z) ~ !r ~(ro ,z) ~~0
(7)

o 02 0.4 0.6 0.6 1.0C

r~(ce,Z)
Justi fication of Eq. (7) is illustrated in Fig. I (see

Fic. I . Values of the integral term and transmission function also Section 3a for water vapor absorption). We have
shown in Eq. (2). The integral term is evaluated from the employed a tropical atmospheric profile (McClatchevsurface to t he level a, while the transmission function of water ci al., 1971) in the calculations. The upper diagramvapor is calculated from the top of the atmosphere to the level a.
The calculations are carried out for wavenumbers of 850, 930, represents the results of the first equation in (7) for
1150 cm~ employing a tropical atmosphere. the integration limits from the surface to a level z.

Three wavenumbers of 850, 950 and 1150 cnr ’ were
partially cloudy atmosphere is given by used. It is evident that the integral term in Eq. (2)

(1) has negligible contribution above a height of about
.5 km , which is normally lower than the base heights

where the upwelling radiance arising from the clear of cirrus clouds. The lower diagram represents the
portion of the atmosphere is simply transmission term in Eq. (2). (‘learly, we see that

above about 8 km , the transmission function r~ ofps—~
I~’ (r o) =f l , (T.)r, (~~,0)+ / B,[ T(z)]dT, (ro ,z). (2) water vapor for a moist atmosphere is very close to I .

j  ,_• Consequently , we would expect that our first assump-
tions can be applied to other atmospheric profiles

And the upwelling radiance due to the cloudy portion without difficulties.of the atmosphere may be expressed as Thus the observed upwelling radiance at the top
of a partially cloudy atmosphere denoted in Eq. (1)

J C ( ~~) — T~J.~Ze)T~(X ,Z,)+ 
~ 

B.[ T(s) ] dT,(ao ,z). (3) becomes
I .~ .,

In this equation the cloud t ransmiseivity , is defined ~
‘
~~~°) — ‘7~~ I7T,)  { R,(T.)r , ( z b,0)

as the ratio of the upwelling radiance at the cloud ‘—‘5
top, i.e., 1,(s,), to that at the cloud base, and it can + ( B,.[ T(s)]d r ..(z,.,z) I ,  (8)
be written as

— 
v = I,(z,)/I,(zi), (4) where the unknown parameters are the fraction of

where S~ and $g denote the cloud-base and cloud-top cloudiness , the surface temperature . the cloud trans-
heights, respectively, and the upwelling radiance missivitv which is wavenumber dependent , and the
reaching the cloud base is given by temperature profile and the transmission function of

water vapor. Eq. (8) expresses the upwelling radiance
!f , (T.) t, (s5,0)+ I R,CT(s))dT , (s e,s) . (S) for a single wavenumber. However , a satellite instrti -

ment can distinguish only finite bandwidths Av( v i , i ,)
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with the instrumental slit function •(v1, P 2) ,  which we
shall ignore in the following theoretical development. 104 a ~5o ~The tinite bandwidth is normall y so small that the a 1100 ci. ’

0 1150 C1Uvariation of Planck function with respect to the
wavenumber can be neglected. This is particularly
evident in the 10 ~m window region. Thus , the up- 100

welling spectral radiance may be written as
a

= = (1— 17 + ~~~~~ I Bs, (T.) rs. (z s,0) vsw
‘I

+J ~
h’ 092B~.[ T(z) ] dr a. (zs ,z) ~ . (9) 

~vsI_s z
4

Here we also note that the variation of cloud trans- ‘~ ~ es
missivity within a small spectral interval is relativel y ~small in view of the slow vary ing refractive indices ~of ice in the window region. Consequently, it is physi- ~
cally reasonable to use a mean wavenumber to cal- ~ 054

culate the spectral cloud transmissivity.
If prior knowledge of the temperature and humidity

profiles in the atmosphere were available, say from 0CC
0 I 2 3 4 5

dimatological data , then r~,(z~,0) and the integral CLOUD THICKNESS, ~Z ($ m)
term in Eq. (9) could be evaluated. With a measure- 

Fic. 2. Ratios of the clou d transmissivity of 950, 1100 and
ment of the upwelling radiance from the satellite i iso cm ’ to t hat of 900 cm ’. The cloud transmissivities are
radiometer in the window channel , there are only compu ted from the radiative transfer program including scat-
three unknown parameters, ’7 , r~. and T1. How many tering, absorption and emission of water vapor and cloud
radiance measurements are required to determine all particles.

these variables?
We shall now examine the cloud transmissivity where we change the wavenumber index ~ v to i.

t~,, defined in Eq. (4). Calculations of the trans. In Eq. (10), ,~ represents the transmissivity at amissivity as a function of the cirrus cloud thickness reference wavenumber (900 cm—1 in Fig. 2), and a,and ice content were carried out by Liou and Stoffel and 6, are certain constants given in Table 1.(1976). It was assumed that the cirrus cloud was In view of the linear approximation for the ratioscomposed of long circular cylinders randomly oriented of the transmissivities, the cloud fraction ’7, the surfacein space with a base height of 8 km and an isothermal temperature T., the cloud thickness ~z and the cloud
temperature of —36°C. Mean wavenumbers of 900, transmissivity T’ at the reference wavenumber may950, 1100 and 1150 cm ’ were chosen in this investiga- be determined from four radiance measurements intion . Fig. 2 shows the ratios of the transmisSivities the window region provided that the atmosphericof 950, 11(X) and 1150 cnr’ to the transmissivity of temperature and humidity profiles are given, for900 cm~~. It is evident that to a good approximation, example , from climatological data. For the convenience
these curves are fairly close to a linear function of of the following discussions, letthe thickness.

On the basis of the theoretical radiative transfer ‘—a s
calculations, we postulate that the transmissivi ties of f R~[T (s)]dT $( ze~z) }cirrus clouds for wavenumbers in the window region i_a (11)
can be scaled as 

—
T~= (a~Az+b,fr, (10)

with * denoting values to be evaluated from the cli-
TABLE I . Linear coefficients for cloud transmissivities . matological data. Thus from Eq. (9) we have the

following expressions for the four upwelling radiances:
P(cm ’) 1 a. 

7r =[1 —, +17(a .z+bj v’IB.(T .) v’~+itJ,0 _________________________________________________________________________________________________

900 1 0 I 1—1 , 2,3, 4. (12)
950 2 —0.02 0.99

$100 3 —0.25 1.23 Defining
$150 4 —0.04 1.01 

Q~( T) _ 7r / [ B . ( T ) T’+j ~] (13)
I
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Eq. ( 12) can be written in the form Second , t’ can be omitted in Eq. (15) to obtain

Q, =1—~+,(aAs +b ,)r ’, i= 1, 2 , 3, 4, (14) (Qi—Q2) [(Qi —1 ) (a ,.~z+b ,) -— (Q, — 1)]
a nonlinear equation consisting of four unknown pa- (Qi—Q.) [(Qi 1)(a ~~z )..- (~~ — 1)]
ra meters , q, r ’, ~.z and T.. Firs t , we find that i~ can
be eliminated to yield 1 3 , 4 . (16)

(Q’ — 1) [ (a , ~z+ bj r ’— 1]— (Q , — l) (r ’— l ) = O , Finally, from the two equations in (la) we eliminate
i= 2 , 3, 4. (15) ~s to give

[QI (h ,—b ?) + Q~(l  —b,) + Q, (h.. — 1)][~ i(a2 — ai)+() .ai—(J ’~a~]• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~ ~~~—- -- .-— - — ——— - —- - — — — 1=0 . (1 7)
fQ, (b 4— b4 +Q. ( 1 —bl) + Q — 1) ] [ Q~~a~—a 3) + Q? a s—y,a ~]

Eq. (17 ) represents a nonlinear equation consisting where ft is the total  prcSstirt afl(l c the pa r t i d  vapor
of an unknown parameter T1, whi ch can be deter- pressure. Based on It ignel l’ s measurements , k~ is much

• mined from a set of four upwelling radiances 1~ inca- greater than k 1, although the  t tn tpe r a t  tire dependence
sured in a partiall y cloud y atmosphere. On deriving of k: has not been investigated comp letel y.
the surface temperature , the cloud thickness , the cloud With these sources of absorption taken into eon-

• transmissivitv at the reference wavenumber and the sideration the transmission fun ct ion for water vapor
fraction of cloudiness can be subsequently evaluated. mar be written as
In the next section , we shall investigate the possible

= exp[ _ ‘7,N 1 — (klp+k! e)uJ, (20)errors of the resulting parameters caused by the use
of the climatological temperature and hum idit  where u is the vertical path length of water vapor
profiles and the possible random errors in the expected and the weak line parameter
upwelling radiances.

(2 1)
3. Computational analyses with a the mean line intensit y , 6 the mean line spacing

In order to test the idea outlined in the previous and a the mean line width. ‘l’hese weak line parame-
section , computational anal ses have been carried out. ters have been given by Roach and Good y (1958)
Water vapor absorption properties are first discussed based on fitting the statistical band iiiodel from ob-
in Section 3a. In 3b, a synthetic partiall y ch udy served data. According to l3ignell (1970) and Hur t -h
atmosphere is constructed. Error analyses are then (1970), the c-type absorption cont inoilli l  is ( ll ) l tI iIIa?it
presented in 3c. Some notes are finall y given in 3d in the 10 pm window region. Furthermore , t’oinpar i-
for the estimation of the vertical ice content of cir- sor1~ of sy nthetic iR i S  (infr ared lnt erft ’r onwt er Spec-
rus clouds, 

vapor continuum data wi th  observed radiances gave
trometer) radiances computed from Hi gnel l ’s wate r

a. Water raftor absorption in I/re 10 pm WU$(ItnL’ good agreement (Kainde ci a!.. 1974). In view of this
evidence and in view of the fac t that  the absorption

The transmission function for water vapor in the coefficient is continu ous , we have computed water
If) pm window region is due to the selective absorption vapor transmissivit ies employ ing the mean wave -
by weak lines and the continuous absorption , and can numbers of ~ X) , 950, 11(X) and liSt ) cm ~ in ton-  —

be written junction with radiative transfer calculations reported
T, =r .(se(ective)Xr,(continuum). (18) in this paper.

The selective absorption by weak lines is well under- b. Synthetic par tially cloud atr #ws/ ilsrrr
stood (see, e.g. , Good y , 1964). However , continuous
absorption in the 10 pm window has been a subject To test the accurac~ of the procedures described
of considerable speculation . In recent years, it seems in Section 2 , ~ synthetic partiall y cloudy atmosphere
to have been established that  the water vapor ~~~ 

has been constructed (Fi g. 3). I t  is assumed that
within  the field of view of the satellite radiometer .tinuum is caused by the broadening of foreign gases t h e r e  is 7(Y~ of cirrus cloudiness whose thickness isand the c—typ e (water dimmer) absorption (li ignell . 2 km , and the base of the cirrus cloud is lot ated at1970 ; Bur ch , 1970). Thus the absori tion coefficient of 8 km in the at m osphere . Based tin ra dimi tive transferthe continuum may be expressed as calculations , we obtain a tr aflsmissivit of ()~~75 for

k(T ,p,e) = k, (T)p 4— ks (T)e , (19) a 2 km cirrus cloud at a wavenumb er of ‘XX) cm -
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lu . . .1 •~~ t$145u1,,I for the ~c nm h c ’mn ~a rtiatI’ . clo uth ’ atmosphere . The i-Iinuc mc.to gtcat temperature anti hunuet itv
1i~~4ik~ for tt nuil-ta t itut te selmumet etmoaphere err uard in th~ eneh ses,

• Mctm’rovrr , a surface temp er ature of 294 K is employed , from 240 to 340 K. in addition to the ’ desired root
With respec t mc ’  th e atmosp heri c temperature and of 294 K , we find that 2co3 K also satisfies Eq. (22) .
hunne lilv protiks , WC use the’ tetbicha te ci dimatolog ical Hence , care should be takei~ in the error anal ysis to

3 data b~ ~ile (  ‘h ,t t thr ~ ci a!. (197 1) for the mid-lat i tude disregard the undesirable roots. Fortunately , front a
sumun car .etm m iosp here’. number of error analyses exercises, we found that the

~~it h ihr ti , e m is , o m s~o v m t  .t t ‘X X) c m i i  given , the rest correct value ’ alway s lit ’s met the zero interse ction of
cit t he t r ~cnsmmlIss ivi 1Ics cmi be e’valuated icc-cording to  the ’ right-hand cu r ~’e in Fig. 4.
h’.q~ ( It )) . I lent e, we t .t n thvo r etie -alh ~ calculat e ’ the ‘I’ht ’ first error analyse’s were ’ clime’ for the upwelling
exlwe -te ’cl mipw t I l ing  r . cclma m ic cs in 11w part iall v cloudy radiance. Ramt docn numbers were arbitr aril y selec t ed
ct i t t ,  ,

~~ 
chere 1. .r it cii r a- .i e c u  mm tiers In m m mea mis cit h ’ is. and adehe’d to t he upwelling radiant -es calcnl.ci eel

( I )  ~3) . ( lut e’ th e ’ up w e ’hh im eg r .ethca m mees Iui~’e’ been ci t i-  e’x,ec t l v fro m the syntheti c ’ atmosphere’ . ‘l’ht’ retrieva l
taim’c l . w e  ;cm ’cs-i ’ed to Eqs. (14) ( 17 to re ’trk ’ve the procedures using the ’ upwehl ing radimences wi th  random
surf ac e ’ tc-Itmpe ’r .ctu r e ’ , the c loud thickn ess , the tra its- errors were carr ied out for t h e  surface temperature ’. .. -

mucsscvct% - .ct ‘XX) c i i i  ‘ ~cnel tim e fract ion of (irreis and subscqut’nth’ for the ’ doumi thicknes s , the ’ re ’fere’nt ’e’
elnudines& t’Iouel transmiss ivity anti the cloud fract ion. We define

the following st mi ti st i t ’td tern is
• ~:,,1

,, 
~~~~~~~- I •~

- —

I’.q. ( 17) re’pre’se’nts mc e’on iphicmc t ee l nonlinear t ’qua- ,~j ,,, = —-  V ,X( ,~/ , (23)
ion whi t -h ci ‘Ut .cins t hi’ unknown surface temperature . ,~~

‘ . — m
We univ write

0. (22) .iI ,~,.—[ V (.11, !,_~~j , ) I ] ) , (24 )
Since’ th i fu mie ’ti on i s a  hi gh-t inIer nonlinear equation . ‘ I

we’ wou ld t-\pec t th.ct it e - u m msis t s  of me number of roots Table’ ~ lists the’ resulting pic rmeIlte ’t e’rs in te’ fl fls of
(ci i 1’, iii t h e  ((I , • cicuicain . I lowc’vt ’r , the’re will be these two ~‘eeriables. ‘l’he see’cunl line ’ of this table
cmlv one’ root th at  is our tle’sirt’cI solution. Fig. 4 shows t luti t -2~~- rmmelot n erro r produce’s mclmc ist ne’gli-
illeis tr at es t he lu-hiav icc r cit F.1. (1.~

) for the conditions gible erro rs in the four resulting pme r~tI1te ’ t e’rs. A rand om
given mu Sc’, 1i~m 3lm w i th  tlw rceilistk range ’ of T. armor of I I .  2’’~ introduces dcvt , it  ions cif about Ito
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l’~ isi., 2 Kan tiom errors in the nwasurecl r.t ti.uit c’ midity pro files are available , such error anaI~ se’s are ’
- - - - 

- -  
— — obviously not needed.)

t,,,, .~I ,,,. I •~t~K) ~Z(k.n) ~~~ ‘p lit ort Ier to inves t i ga te ’ t i m e ’ c’tTc t i~t c i t i h i i . i u i g  t h i m m i j e
ohm igit -al t t ’m 1ipe r~e t tire ’ ; t m it I hi u m m iidi r’ cli l t ’~. lIt ret ’C) 0 1’.’4 2 eIb 7 S c i 7  -

0 ( 1 12 C) e~)2 2’~4 .14Cc ~~~ ~ ~~4 0 70! experIments were carried out : (i r ; c mid icm m i err . ‘N from
00 5., 00W N) 74~ ~s ~~~ O~~I~ 

0 to S K amid fromm e 1) to  1(1 K were added i i  t he  te ’ m o—
0. I t !  0 0~0 20 .S4V I 155 0.70(1 e) . 7 I’~ per icture prot ile , (ii r an clicmii errors frt ,m (I ii() tjO~ () t K)3 N? 480 2 18? (C (44 () . 6’X C anti front (I to 1(Y’ we re’ ad,li’i i t i c  the r e l a t i v e  liii-

— — — — — midi tv  prot ile , and ( i i i )  indepe ’ni kiot rand omii e’rrors
similar to ( i ) an(l (ii ) for bo th temperatur e and h o—

tEtol k iti , 0.1)8 and (t 02 for the surface’ temper ature , m ’~i , I i t  v pro file ’s were tm se’el . Resu l t s  .trt ’ shown in I - i g ~the cloud thickn ess ,  the referenc e’ cloud trmen sm iss iv it\ l’:rr ,ffs in the ’ te ’mnpe r at cmre ’ imil il e ’ mcpjEt r cn t l \  introdu c e’
and the fraction of cloudiness , respectively. ( )thc er large errors in time ’ r estilt ing four ~) c r al imete - r s . l” ic r
experiments eno plnv imt g ditlere’nt se’ts of random 1mm— ran elcmo erre irs from (1 to S K in the t emm1 ~ce’r~et nrc -
hers were also t arried .ini - It  was found t lime I a large’ pr~ )li It ’, we’ n, fle ’ t h a t  h-via C ii ins c ct j ell. i c i t  q K , I km i t ,
value of ~ I wci ul ei introduce large errors in the 0.1)7 and (t .eM ) ( a re l1r~ c I u( c - i l  ( ic r  t l ie ’ sur fa c e’ I ui i m p e r a
tour resul t ing  l atrmc m mie ’ t e’rs. ‘Fit ’ lif t Ii h itw cii t his table t mire ’ , I he ’ t imid th i c k mit ’ss , t i m e  rt ’ft -re ’n t - t r , cmm ~ m m mi ~ ,~i~ - i t
i l lustrates an examp le’ as t i c  how the root mne’an square ant I th e ’ c Io tu  I ir,u t ion , re-sj i t -c t  ivel - ( l it m l i i - c i t  h e r
~c tIec-t s the’ pre’se’n t .inmcl vsi s We see’ that  mc sniall random h mcnml , rm i nchommm crrc iN fro i m m (C I i i  ‘ iii  t l i t -  i m m o m  i i d i t  v
e’rror cii CC . , having mc larger rut s (03~ ~

- l)roelueeS 
~irtiltle ’s m t  ri ‘dot e’ 5 K , I S  k m m m , tItl I mcmi i  I 1) .( 8)3 Ii ir t he

about the ’ same’ errors in the  four resu lting parameters r e su lting four p a ra me t e r s . rc -s pe’c t iv t ’Iv - N ot t  t lm. i t  t i m e ’
th e ease when .i random e’rror of 11 .2 ’~ . w it  I) a + and — signs in t he’se d ia gr mtmi Is it ~ h it me te ’ ( h i t -  1k iSO lye ’

sm all rots of 2 ts tnt  rc~ hut ed and negat iv e- e’rrors , respei -t iv e lv. Wh e n im id t - iie’ nele ’n t
It  m s known tha t  th e ’ temperature and humidi t y  errors are ideleti (( I both the t ( ’nm llt ’rat tire ’ amid itt—

proliks •lt ’rived frc ’mn rmuli osiinilt ’ mir e ’ norm mtl l tmt ) t mu i dit  V profile ’s , we’ t inel th a t  e r r  irs in t he’ tour rt ’stm It ing
a’.’,ul mibk mit ocean are’.cs , part ie’ular lv in t h e ’  Southern pmt ra mue t e’rs are great lv reduced . ‘Fit’ re’asci m m Ii cr this
Hemisphere . ‘l’he best guesses of the temperature and may be cause’cI b the  comopensat log et(e’e t im f  i cplmsite ’hui mueht ~ profi les in t Icn idv conditions , perhaps , max’ 

errors for the temperature and hunm i t l i t v  priiiite ’s isliv ~,litainee i front e-limatolo g% . J)eviat ions of the
clintatolog ieaI values from u the true profiles are likel y evident Iromu 1 1g. 5. ii should be’ noted that  simu l—
to occur. ‘Fhus , it is of importance to examine ht~~’ taneous deviations of the trite temperature and hu-
the errors in the temperature and humidity profiles i tui ditv protiles front the climatolog icmel means are to
affec t the resulting - recovered parameters developed be expected in the atmosp here . Hence we would
previousl y. (Note that if true tem perature and hem - anticipate that the use of climatolog ical data in the
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Ftc , 4. Behavior of the mionlinrie r equation (Ii) as a function of
the itn fact ’ temperat ure.
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lbrt’Se ’i~ m e - t m  ic’,- ,t l ,en ,i it  si~ j ut  IcHimi  ~-s imis ig l i l lie an I t m  o ’t s  I r,cu~C il i ssm i - i t t  h a s  hi , ’c - ii cl t ’r iv c-c l , it st’t ’tns 1s ssibue’ to
in cItcutl loam ,c l lmv t e ’N JfINkli r  lice’ et ’r t i t  .dl  i~ ~

- coUtent te cllowin g th e I ruec-
lit I he’ eleve ieqinwnt ct C he r~~t cccv ,cl C e’e hItIc lt it ’, i i i ,  e l ti re - s lest t i l t , 1  1 ‘ci’ - it

.cssuim l~ it ~ ifl ho .cs toee ’ii imime t le ’ t h.et th e - t I , coil is to mg i tie It ,eee’i I on I he- lii, -’ ‘m c - t i c .cI m m i t  i , c I i ~ e I i  a i i st  cm a l~ o i.e -

t toe ’ c l I i i . c s i . l i t i t ’  so th. ct r ac l t . c t i ’ , t -  , - l l ’ ~ t~ of Wa t e r  C ,ep iid tRc i t s . tO t’ i l i a c  c i ’ m i s t m  m m , t ,e , i i i c m a m m m  (1 - ig ( , )  c i c i i s i s t i l i g

.11’. ,~~~ ‘ t ic , -  local e ,c i i  l ie - mee ’g iee ted - I Ie’iie e’ t h e ’  to r t  Iii ccl i ci the i t  e tms m mi ssi i t  .it a g it cmi w ~eve m c u ii i I i r r  ~ mcci the
sic i t i l ,  I Ic ,  - 

~~~ dice I ,~~ sue tt a m itt  .cs, -~ to iie ’ic It iw t em mmml  ems tq it it .c I c k1 it Ii ,t t I i i . ,  C c~ ( C e - i l W mc% - e n ti m l i lice ‘mc’t t t i t i t e ’

.ciic h t ic s l r t t t i s  a r c - i c m e ’ st ’im t . I i e ’ t i c Ic e etms m e ’g.c r et t ’ t l t hi . i t  t h e ’ ti , c im s m i m ess m c i t t  is I i i i t hi i lcg l in t  men , c t t e ’toumct i t i io
Sit,, , t ’m~i l c t e antI 1K , h iet ,I ~ci~ t eti e’ s ,crc’ r , , ei t i ioe ’Ic I i . d i , t i m m e l t i  i , l -~i r a & i i  m e t s  e lu cid ct t i , isr t i l i t i t  .cl ehe i ltic
,ec , ei t , c l i i e  Irono ic~i e- r meti t ’ mt ~et s, c m t t t i t e s . c h i s ,  i i m m i i i o , c t i i i i i  is  less th~eie mihi ,c tm t  Cl i t  ,el c l c ( - .d IS th at  ,cti e ’xj itinr ntim cl
Ice t to (‘i’ll l~ iv. a ii~ I It mg i l~ ‘m m , Is ‘Il it4-~ i s  issi t i le’ - l ’hrrr i t t  e’ii i i  ,c t i ,  c ii im i , tc be’ ~q q ‘I tec h (4 ’, m m  ie’ ,i i ts c it  l i i i ’ , curv e
.ert’ c .est s ot htc ’ie h i g h ., io ,l l ,c o  t I citicis i ’ m  t e i r  s m m m i e i l t , i  i i ’ i i s t m m i i  itch 

~~ t m ’m  t , i  Ch i t ’ re ’I i ie V .ci ( ‘x iit ’r i i i ic ’m ct , ,e t I . t u i s

ne” ici si ’, t i t t h e ’  .c t i m  i i  ‘“I u t e r i ’  l i t  t ht’si - si t  em ,, I n  ‘us , Ii cv. i i i  mssi t - i t  t iei ive’c l t i e  c i i i  t h e ’ pm e’y ii cmi ’, ,cmc ,i I’, ~is si tect i  let
l c ’ e i c l s . c c l i i ,  hi ,e re gtne ’r .cIlo cip t te ~e ttc  t i t l e  I., , cmi ,,’, lit’ t i i m m t ’s i i ic i ic i  to au ~q i t i ~ ,cI t le ’ l i t h i .
.uiscd, i t-~l ,,s S C , ,  f . i , c s  , t m t , i  t i c  .1 geitie t . , l l i i r tcxl l i i .tt tOll ~\ e  ii iw .  ~ ~i~m e’ss C ti e ’ u i l i t  % t .11 tk pth as

t il e - I t ic - i c r c - t ic  .11 ~~~ ii- , ‘_ ct Ii re’por ted be’ i t ~ m mc ., I s i  lie
.qi~it i i  ,c hoi e No te ’ t h m. t t  to e’ ii.,’,,’ emi i l i lu c c  e’tl I)it)i,l , t)S~ ( , r i , , )  ~~~~~~~~~~~ (2 51
I le8 l in ch I i  ‘.Cl , ui m m 

~ time ’ t h t ’u ir r t i e  ,cl , iui , cI ’ , sm ’, I , ’

t le ’i ii c ’u o s t i a i u  III , IC i i i l , i r m i c ( i ’ t i  ,i~ ’.,me m . m t e - iI me t i l t  e mm i t s  tt l i t ’ i t’ ~ ~~~~ ile ’ I i c ’ t e ”  tit,’ ich e m m mme ’  e \ t i i t e  t u t u  t r e i ss
, mi . t e  ic, cit m c ’ ,  i d  t i , , m m t  ‘e,iie ’ih it e ’ m & i t m . e t m ~ c ~it ’sd m v . t t m , m ms see t i e lu t  t~ ’i .t m l ’ ,  t i l  i i i c , d u i  me i t e ’ i t t i i m t i i e - m c ~‘t,ci t% to i t l t
t~ I u i t m i s , . ‘ ‘ t l i e ’i SIH ’ t tr ,tl Ii ,,it&is to i t b m t i c  t h e ’ co in t ie c co t h e ’ i i i t i ’ m m m m , t t i i c i i  i d  ( Ict ’  c lou d t i i i ,  Lu ie ss c c i i i ,  Ii t i m ’ , lit ’ett
re’c’i ,cc’ &ct ~~~i i l  t i c  I c cc 1ilu ’r ,c h ~~,i  ~ f l ’ , f l p c  f l i t ’  , i 1 i t i i m l ( i i l i  ttt ’ t e t i i i i i i e ’tI ~ti i i ~i i t , i m i , , ’ t m s i ’ ,  cc itl i time’ ,iuici t l t i  ,i mm s imc is

hc .,n,l’e , c o l i ~ ii e t i c i ld lie I i r c c l u t c s e ’t t  h im tem tetre sate’llitc• s iv i t ’ ,  - t i le ’ t i i i I l i I i t , c i i l  % e i t u i m m m e  i~~i c m ie t m c c t t  m i s s  set  thi n
t’ t 1 i t u l i i i e i i C ~ e c i t t t e’- r t i i ulg t h e ’  t i t ’Ic ’e ~c c ui t  it c o m i t s  & l en t i l i m t , u ’ ,  lie’ e’st umi ,~,te ’eI ,

c m m i j i e c sdl ii d ims  ,cneI ‘.1 ru c t ore i i i  tile’ ~t t i i i i i s p ice’r e. St i tc i ’  cirr u s eIu i t l t lS  are ’ i l tm h beiSe ’ el ic e’ p~t r t  It  Ic’s ti ll

the circler u t  l(~) II8 ~ ) 
~m i t m  i,se e’ , e’ g , I le’~ ioostce ’tc l .,iect

il~~ d ill’ d iN (hr , ICt t lNsi f la f i i ’N ci! i t C r U i  i,  t’ c ,nlrflt Klto IknLoe ’rg, )Q~ 2~, .tn e x t  Inc tie d p me r mim u t ’t er i , t i s t m al lv
denoted ,cs ~~~~~~~ cci me beici t 2 m oat  be’ .et iti pte ’cl . ( ‘t in—

In the’ pre’c’etlcmtg anal ses, we’ have meb t iwn that  the SeeiUe ’Ct t Iv , the ’ extinct ion cross sectI on is mn ,cinlv a
smi r t . i e  e Cc ’mnpe rme tur t ’, the c-local thickness , the r t’Ic ’re’it ee i i m , i c  tion cof the  ieite’ .en ,l cecne -en tr mc t i on elf ice ’ parti cles
i leital tr ee mostn issiv itv anti thc~ fr mec tit in of e ltcueliute , mes ant I nitty be writ tem i as
Imia ’ ,  be inferred (runt four radiance measec retoce mots in -

the window region. Once a reliable reference clecud ~~~~~~~~~~~ (2tc~

(0.~~)

dO,))
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I’itm. ~c Err o r anabses f icr the u se cit the e’limstolei ilval temperature *ntt hunoithit ’, pu’ecliles,
‘rh.- alcseiucaa mnc t cirdina tr rrpr rceuol random error, aitel eleviat iomvc eel the four ~carameteva
Itum the tnt, va lue,, respeetiveI~’.
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OPT ICAL DEPTH OF CIRRUS

Fuim 6, ‘l’rmcnsmiss ’iv i t% - as a funeticin of uclitical depth tc&cscd on
radiative transfer calculations.

where .V mend .1 denote the ’ concentr ation mend the cirrus cloud mere negli gible mend that the rm ctie s of
noe ’uen c’reiss-se’ct icc n mere -me of ic-c par ticles , respectively . truen smis sivit ie ’mm mere ’ linear functions of Chi c ’ cloud
For ic-c crystals rand omly oriented in a horizo atme l thickness. Ju stit i cat ions of these two assumptions mere
plane’, we’ should ha ve .1 1.1, with I mend d represent - givemi on the basis of radimet ive trmensfer calc eclmcti tm s ,
ing the’ mnc ’mdn Iem o g th in the major and minor mixes, (‘ompe ut at io nm cl mena lvses employing the chimu cte cl og ical
respect ivel y .  means show that  random errors in both the tern-

Finmellv , the vertical ice content cmen be writ ten in p eruc ture m em i e l hu m idit y profiles produce insi gnit ie’ant
the feirm errors in the ftn ir resulting p m erm cm t~eter S. Rando m errors

I ( ’ = pif’ ,Vm~:. (27) in the ’ expected upwelling radiance’s also introduce

where pm r epr ese’mits the density of the ice mcnel V the small errors in the rt ’seiht ing parameters provided th at
time’ ri mms rmcnelom e’rr imrs are r e ’ht ct ivelv smumell is c-t in ’,—n iem un vohiune of i t t ’ pmert iele ’s.

If we le’ t ~ I ’ .1, the above equme t ion (or the vertical pared wit Ii t he nit ’mcn value. Hefle’e, from mi mc I hoe ’ccr c ’f it’al

ie’e’ c e mte ’nt is give-n liv pt cint of t’icw , the retrieval preicedecres tl eniem n strmct e ’d
appear feasul)ie fcir  the evieluat am iii e’irr eis cloud
thickness mend transmi ssivitv met mc reference’ W met ’e--

U ’ ~~pi — —~~s. (2$) nunt b e -r lit the 10 ~im window, Once the thickness
mmcl tr ecn snt issivity met ii giveme waveneumber e f mc cirrus p

elei eie l have bee’n derived , we note thme t the ~-erti e ’meI
l’ m ur  leing c i rcul ar  ice’ t -vlin der s rmene ieo ntlv oriented in -ice’ content  of thm , t  c irrus cloud may lie e’st irmmme t ed .
mc h ei riz ccmi t .iI  plane ’. we have £ wJ 4, He’re, p u.  ~~~~ The retriev ed te chmti que described in the preceding,entl mere ’ kncewn ejc imont it t t ’s  ‘h ’hott ~, ,e dc t e r uoti n u tie in 

~ in p rinci p le’, should be meppiic-cdcle’ tee cirr u s
ccl 

~~~~ 
,cnel ~~ . give’s men e’stioiict ion tin the v e ’rt i em ol c-t t c ueI~- metmite i sph ere s f t r  the qe ta m i t i t m e t i t - e’ est iummm et iemt ee conk-n t - of cirrus thickness an(i ice’ e’t iflt ent front pmtssiC’e’ smetc i-

I ite t bservmet ions. :~lt bough me grounei-bcesed active ’4. Conclusion
remo te’ sensumig me ’thoei enop h ecving a lase’r meoei r c’e lime s

~~e’ hi. cve pr e’sentecI mu r e’tr ieva l method Itir the de- been re centl y (Ieve’Iopetl for t ic’ de t ecti on cml e irru s ,
te rmination cit sur lmee-e’ temp erature , cirrus cloud thick— it is of loe’te l nm dlet r e ’ te n th is It ’ lit’ ye-rifl ed feir the ’ sue’—
ne’ss , e irr us c iot m el tr an sn oissio ’itv to t mc referen ce’ wave ’ t e’ssful det ermni nm iti ec n if th i ckne ss  mend i c e  e e u u t t e’ flt .
number mind the lr . , et ic m cii e mrre is  e-hc ue hinc ~s to - i th in However , c i r r u s  c-locals cut er a large lsc r I i i mlt  c i f the
the’ Ic e -l i t c cl view I r inmi tour c-slice ted u~iwe’hl ing rtu el ii cncc ’ plmenet - it is the re ’for e’ vit a ll y important to e x p kwe
cihi ~c’ro ’,, C i u ’ i m s  in C l u e II )  prm i  cc ind cnc region. Theecre t it mll  passive’ remote’ sensing lechni ques from whit -h cirrus
.uita I~ st’s - ,O SetfliI’ I limit  cc mut e ’ r c’aliiir cITec’ts mebe mve ’ the cloud c’ompositiein mind sC rei t’te ir e may be derived front
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satellites tin a routine basis over the global scale. .‘t t knou ’kclg me’ f . ‘i’his re ’st ’mcrch Was sempporte ’t l L)% ’
There has been hardly any in~’e’stigmet itc n on the the Air For c e (. etl lm!~e S t e s L~ehor ate ry under ( ‘t in tr ac t
recovery of cloud properties fro mti passive satellite F19o28-75-( ’-0l07 .
sensing tcwing to the e’ompkxitv of the cloud inter-
act ion with  the radiation tield cii th e ’ atmosp here . R E F EKI  \e I-~
This is particularl y apparent for the hi gh , semni- tr ans- Higndl , K J , 1Q7 0 flit’ wmctc ’r ~~~~~ i u i fr a re-d cuc n hi nuum .
parent cirrus clouds. ‘l’his paper represents men approach ~ uc,j,i 1 ,u~, v  ,%I ete, , ,~~, c , , %, 3U0 403

bm~ cd out which the , thickness ,enel ice content of cirrus Hunting, J I , mcciii J - I I  & o i t s e t - t , 1Q74 l’rucgre ”s dun ckri ~’mi
mat’ be e’vmei uated liv uti l izing four piece’s of radiance t ion i i  c- lciuel wat ci  eu u n t em i t  (r ui n ,..ete’ I l t i t” ,  l’u-fr’iuals .5, ct / i
- ‘ - - 

— - - ( cc I .1 Criu i~ iI c( si f lJ  - f (~ Icd ~J 1,1cc ,tI ‘cl rtec ’ri clect c I C I ‘mi ”~u ,inIec n nmct uo n in t Im e ’ II ) Mt~ wtn ,hucw re’gion. %n it ’r Meicci r ‘l it  , 2 i t ç
Any satellite se’iisimtg t eclm n te lec e for tI le ’ recovers- ccl l t cu~~h , it I- : , 1Q70 I c u r e”.t m g a t i s ’n  s i  che- aCIs& cr l it iucuc s t  it itrmc rrel

mutmo sp hi eri e - e c f l m i p csiti c in mc m iii str uc -t c mr c’ is ~ub jee t to r adia t le un In eet muu si chc ’rk i~.& ” -s -‘di r hint-c c ’, cnuluniilgv
c’e’ri Iic .~m .ini bt - ecti l iz in g real eI , ctme ‘i’he theta securce’ Researc h t.a t nce t cmnice , l’u CuI Cs 47i44 .

t h et iii cc tic t cf use im i c onneu _ t con cc uth tht prese ~ 
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theoretic al amt m clvsi s woetld be the ’ iRI S  exper iment e meuc ce h - K. ~‘t , tQtst - -i t s : - c p i r u i i  Ru;didlj ic,s (‘lm cr e ’ii elu cto t’ o”-’- ,
on board N imi tbus 4 .ts reported by Kecnde et a!. ( 1974 1 . 4Mi liii
I R IS  mmie ,c su red t he I hem c ,cl e’mission of t Ime t ’:trt h ‘~ I Ic ’vrnuciie ’le t, -‘ - J . meted K . K tisi i lc ’ntcc r g, tQ~ Pr ic t cu , rt it ’s ccl

at muiumcp he ’re- ,em’,eI setr l1ee ’e from 401) -iO (X) cuc i~~ with  mcmi °~~~ “ grn t ’rm etmi cg ce -jI ~ j  l t s s , - s  -S ic  - 2Q , l3Std l.kt~ . 
-

- ‘ Ilocig hton , I - I . ,  . t i , s i  C ,  I I lecnm , lO~ I I h1’ ct e ’ t e ’ t t tu cn ,,l ce’e-aj)ouIiL eYdl sp ectra l resielci t con of 2.8 cur ’, It St’~’iitS clouds fro m nenec u le ’ n,caceei ru ’me’imt s s i t  th e i r  emi-, ’,icun ~mi th e ’possible to select mc set ccl four sp ectrm et int ervm el s ill f,~ m nt rme - red Qtu~uI 1 . R u  - % lc Ic ’ s ir Si , 97 , I 17
th e 750 1250 c-m i t reg ion te c e ar r \  t iu t  the ’ mumi1elvses Kunt ie ’, V - em - Ii J - ( ‘e’nr m cth , K. ‘c t Im id and C I’ r.ei lt ,e Lcr se .
described iii th is  pape r preivieled t h at  the  s ’c -nec pt ic  1Q74 : N in itcu s 4 I RI s  specmr.e in the  750 1250 timi aCme’-

- - - ‘ ~ mhe r mc winslow reg ion ,l , t t  s .~ s t  , 3L , CSK)and el tic i e l in forn i .ct ion ccl .c cirrus c h ecu d ~- 1e1 moutts p hi’rc’ t .iu’u , K N - 1Q 74 - On tim e ’ r,tsl i ,im cc ’ pr .u lccntue ~ u I  cirrei c in the ’is m evmui l.etutc ’ - t n it irt unme t e’I , smc t e’I l u te  elci t m et  experiments wimielow r-rgieun mend t h e i r  inmteme ’t m cc’ on re ’nc ,cte . c ’m mstu m g ,cf the ’
require icc sils~ in fo r m m i.c t ie in of the cloud thickn ess mend atmosphere ,I .-l i i sms ’s ,‘/s t , 31 , 512 532
contposi t i c  in , whie’h .c re no rm nm eUy neil mes ’ai hmchle tin d er . aueef ’I’ St uuiu e’t , I Cc Rcniott ’ .en~mn g sit t’irnecs e- lsceicl e’ocn
the sate llite ’ pass Perhaps the muimc j o r th rus t  of the P~~ h 1~ m~~ Sd Rej Ns’ . 1 , ‘ c I - t ; I , - I ’R 7n (1i27 , ‘c m i  I- ecrce ’

- - - t,.eeejihc-sics I .t i tu ormctuurm - , St PPlires emot pmepe r is te l i l lus tr m et e thm c t  - e rtm c mm ’ , cirre cs c-loud Mcc’Iate’he~- K °~ - el a! , t Q~ I et 1u ite c I pr lut ie ’r iies uif  m l,,’ . t t m n s u  —

par .cmi lett’ rs cecu lcl he evalu.cted (rectum a set of radimen ce, sphe re Environ .  Re’s. Pte pc . 354 . \ t - ’ , ’KI .
observ; ctiomms in the it) ~mn wintl e cw re’g iein . Such m e Recae-h , tV l’ S , aiiii K. ~ct t s,s uut v , 1Q55 - Ai c seu r iu t i eun mcml e m umi ” ~iumn
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